ROTARY PRESSURE EXCHANGERS 


These machines are being used as superchargers in truck engines. They are 
equalizers — a type of dynamic pressure exchanger — whose function is to use 
hot pressurized gases to heat and pressurize lower energy gases. Acoustic 
waves scavenge and fill cells in a rotor. It seems to me that these could be of 
some use in an alternative air compression system. 
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FOREWORD 


In general the development of a technical capability follows several discrete steps. First, a particular phenome- 
non is discovered, and this, usually by accident and not as an attainment of a targeted goal. Discoveries are made 
almost as a by-product of some striving toward an unrelated breakthrough. The second step involves the over- 
coming of institutional prejudice, piecemeal and usually premature application attempts, and beginnings of true 
understanding of the phenomenon involved. The last step involves the injection or integration of some other 
technical capability heretofore unrelated to the original discovery. 

Several examples can be cited from diverse disciplines. The electronic vacuum tube has now been replaced by 
solid state electronics which had to wait for high purity chemistry and materials in order to realize mass applica- 
tions. The sophisticated aerodynamics of laminar flow airfoils are achieving their real potential only after the 
introduction of high strength molded composites. Thus, a technology progresses from systems that are mechanic- 
ally complex and phenomenologically simple to ones that are simple mechanically and very complex in the par- 
ticular phenomenon involved. Thus each technology moves from relative crudeness to extreme elegance. 

Nowhere and particularly at no time as now is this more evident than in the field of fluid-dynamic machinery. 
The impacting technology — the computer — gives the researcher, and ultimately the designer, the power to 
examine a vast number of variables and to synergize very complex flowfieids. Questions which, until the recent 
past, could only be handled by experimental and even cut and dry methods or by simplifying empiricism are 
now routinely addressed in the most minute detail by numerical modeling techniques. A specific case in point 
is the development of energy transfer devices between two fluids. In a gas turbine, for example, the combustor 
products are expanded in a nozzle and then enter a moving blade row of the turbine where vector velocities 
are changed and torque is developed. The mechanical power is then conveyed by shafting to the moving blade 
rows of a compressor where velocity is imparted to the fluid. The flow field is then diffused before entry into the 
combustor. Can this energy transfer be accomplished directly by the hot gas without the intervening complexity 
of turbines and compressors? 

Principles of direct flu id-to-f luid energy exchange devices have been in existence for many decades. Perhaps 
the simplest — the shock tube — is a familiar device to students of gas dynamics. There are othei devices more 
complex in the phenomenon involved and of considerably greater mechanical simplicity. These include the Reynst 
pot, Seippel comprex, Rangue-Hilsch tube, and the Crypto-Steady energy exchanger. The majority of these depend 
on intermittent primary to secondary fluid interaction and hence are difficult to study and control. 

It is the advent of powerful computer codes that has enabled researchers to ‘get into' the actual fluid-to fluid 
energy exchange mechanism and its control. The development of direct fluid-fluid energy exchange machinery is 
poised on the brink of significant advancement. It is fortunate that some of the originators as well as major con- 
tributors of the concepts are still active in the field. It is the goal of this document to pull together under one 
cover information that has existed in diverse literature and to document the perspective of the original and key 
players in this fascinating technology. Of necessity it is impossible to represent all views cf ail the individuals 
holding them. This organizer regrets that this could not be so. However, it is hoped that this document will serve 
as a useful too! to students and workers in the field of direct fluid-fluid energy exchange. 

J. F. Sladky, Jr. 

University of Washington 
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PRESSURE EXCHANGE 

JOSEPH V. FOA 

INTRODUCTION 

Originally, “pressure exchange” meant exchange 
of static pressure, or, more precisely, the compres- 
sion of a body of fluid by the direct action of an- 
other body of fluid expanding between the same 
pressure limits. Today the designation is applied to 
any process whereby contiguous fluid bodies or 
flows exchange mechanical energy through the work 
of mutually exerted pressure forces at their inter- 
faces. The new definition is very broad, in that it 
covers also processes in which the limits of compres- 
sion and expansion are widely different. 

Pressure exchange cannot take place in steady 
flow, because no work is done by pressure forces 
acting on a stationary interface. Therefore, pres- 
sure exchange is always a nonstcady process. 

The utilization of this mode of energy transfer is 
of interest because of its potentially high efficiency. 
In steady-flow devices for the direct transfer of 
mechanical energy from one flow to another, the 
transfer is entirely effected through the work of 
viscous forces and irreversible transport processes. 
In contrast, the work of pressure forces is essentially 
nondissipative, except when strong shocks are in- 
volved. Pressure exchange can, therefore, be ex- 
pected to be capable of producing higher efficiencies 
of energy transfer than can be produced by steady- 
flow energy exchangers of comparable mechanical 
simplicity. 

Early “pressure exchanger" schemes, dating as 
far back as 1912, appeared in gas turbine designs of 
Westinghouse and Bischof, where provision was 
made for a direct transfer of mechanical energy 
from the high-energy exhaust flow to the fresh 
charge, as a means for reducing the power consump- 
tion of the compressor (1). An arrangement pro- 
posed by Baetz in 1920 utilized pressure exchange 
to carry out an entire gas turbine cycle within the 
bucket channels of a single wheel. The combustible 
mixture was admitted to successive channels, where 
it was compressed by the direct piston action of ex- 
panding gases from other channels, and burned; 
and the combustion products were then brought, 
through stationary ducts, to compress the fresh 
charge in other channels (1). 

Subsequent studies, for a period of about three 
decades, were directed aiong the two distinct lines of 
(a) quasi-static (or space-controlled) and (6) wave- 
controlled (or time-controlled) pressure exchange. 
The classic pressure exchanger of this period con- 
sists of chambers or “cells,” each of which is alter- 
nately fed, at one end, the “secondary” fluid to be 
compressed and the “primary” fluid to be expanded. 
The expanding primary fluid forces the secondary 
fluid out of the chamber at the other end, and is 
then itself discharged out of it. The distribution and 
valving actions required to produce and control 
these alternate charges, interactions and discharges 
are obtained by mounting a number of such cells on 
a rotor which continually brings new cells to posi- 
tions opposite appropriate stationary inlet and exit 
ports. Since each port finds substantially identical 
flow conditions at all the cell ends that come to face 
it, the flow through the ports is very nearly steady. 

QUASI-STATIC PRESSURE EXCHANGE 

Pressure exchange in the original sense of ex- 
change of static pressure is produced in a mecha- 
nism proposed by Lebre (2). Here the expansion of 
a primary gas within cells on one side of the pe- 
riphery of a rotor forces a “pressure exchange fluid” 
out of these cells, through stationary passages, into 
cells on the opposite side, which are occupied by a 
secondary gas. The stationary passages are ar- 


ranged to connect the cells containing the primary 
gas in the earlier stages of expansion with those con- 
taining the secondary gas in the later stages of com- 
pression, and vice versa, so that pressure exchange 
occurs in small steps The nonsteadiness required 
for the nondissipative exchange of energy is pro- 
vided by the fact that the initial phase of each step 
of the exchange is essentially a shock tube process. 
However, the duration of each step is long com- 
pared to the lime required for a pressure wave to 
travel the length of a cell. As a consequence, the 
average pressure in each cell is, over a relatively 
wide range of rotor speeds, only a function of the 
cell’s position relative to the stationary parts of the 
machine. The process is said to be “quasi-static” 
for this reason. 

In variations of the Lebre scheme, direct contact 
is permitted between primary and secondary fluid, 
and the need for a recirculating pressure exchange 
fluid is eliminated. 

In the Poggi exchanger (3,4), the cells are ar- 
ranged radially in two coaxial, counterrotating im- 
pellers. Each cell is alternately fed, through ports 
at the impeller eye, low-pressure secondary and 
high-pressure primary fluid, and alternately dis- 
charges high-pressure secondary and low-pressure 
primary fluid through ports around the impeller 
periphery. Communication between cells in the two 
impellers, when they find themselves back to back, 
is provided b> openings m the impeller disks. Be- 
cause of the counterrotation of the impellers, the 
ceils which contain, in one rotor, the primary gas in 
the earlier phases of expansion are made to com- 
municate in this manner with those which contain, 
in the other rotor, the secondary gas in the later 
stages of compression, and vice versa. Thus, the 
high-pressure primary gas is made to expand, in 
small steps, into confined spaces which are origi- 
nally filled with the low-pressure secondary gas, in 
a quasi-static process which eventually brings the 
secondary gas to a pressure almost equal to the 
initial static pressure of the expanding primary gas. 
A complete analysis of pressure exchangers of this 
class has been developed by Poggi (4). with consid- 
eration of most foreseeable losses. 

. In an arrangement proposed by Von Ohain (5), 
the cells are carried by the rotor through a pressure 
exchange sector and through a recharge sector. In 
the former sector, the primary gas is admitted into 
the cells at one end through a succession of station- 
ary nozzles of increasing throat area and forces the 
secondary gas out at the other end. In the recharge 
sector, the expanded primary gas is discharged from 
the cells and new charges of secondary gas are taken 
in. In the application of these exchangers as high- 
pressure stages in turbomachines, the cells within 
the pressure exchange sector form, with the com- 
bustion chamber, a ‘sealed room.” In steady oper- 
ation, the entering cells must carry, both in mass 
and in volume, as much low-pressure air as the 
leaving cells carry high-pressure hot gas. Therefore, 
steady operation of these devices with isobaric com- 
bustion requires that the pressure rise produced by 
pressure exchange be the same as that which would 
be produced, on the low-pressure charge, by con- 
stant-volume combustion with the same heat re- 
lease. 

WAVE-CONTROLLED PRESSURE EXCHANGE 

In quasi-static pressure exchange the interaction 
takes place as a relatively slow succession of weak 
steps. Shock losses are. therefore, negligible, but 
extensive mixing and interdiffusion between the 
interacting fluids arc unavoidable because of their 
long residence time in contact with one another 
within the exchanger, and the flow capacity is nor- 
mally very low . 

With fewer and stronger steps, large-amplitude 
pressure waves come to play a dominant role in the 
transfer of energy, and shock losses may become 


important. However, great gains in flow’ capacity 
are possible if the travel time of these waves is ap- 
propriately adjusted to the residence time of the 
fluid particles in the exchanger. This fact was not 
fully recognized until 1940, when a successful mech- 
anism of pressure exchange based on the utilization 
of wave processes was proposed by Scippel, to be 
later embodied in the Brown Boveri “Comprex” 
(6-14). Here compression takes place, again within 
cells at the periphery of a rotor, in two stages. The 
first stage is provided by the hammer wave which is 
produced by sudden closurr of the downstream end 
of the cell; and the second ige by the shock which 
is generated by the pistor : action of the primary 
fluid when it is suddenly s :tted into the cell. The 
control of these wave pr.j, ,:,ses, as well as of the 
subsequent purging and recharging, requires that 
the valve action resulting from the motion of the 
ceils relative to the stationary ports and shields be 
carefully timed to the motion of waves and inter- 
faces within the cells. 

In most applications of these exchangers, the pri- 
mary is made up of hot combustion products and 
the secondary of fresh air, and a favorable mis- 
matching of stagnation pressures results from the 
fact that velocities and static pressures are the same 
on the two sides of interfaces separating the two 
gases (15). Furthermore, and for the same reason, 
the mass flow rate of the secondary through the ex- 
changer exceeds that of the primary. Therefore, 
this type of pressure exchanger lends itself to utili- 
zation in looped arrangements as a compressor, 
when a portion of the secondary flow is energized 
through combustion, after pressure exchange, to 
form the primary flow; or as a gas generator, when 
the entire secondary flow is so energized but only a 
portion of the hot gas is recirculated in the ex- 
changer. In the latter form, this device may take 
the place of high-pressure stages in turbomachines, 
the balance between work of compression and work 
of expansion being obtained, for this portion of the 
cycle, by adjustment of the pressure limits. Early 
workers on the Comprex achieved pressure ex- 
change compression ratios of about 2.5 (8,9). How- 
ever, preliminary performance estimates based on 
acoustic approximations or on the assumption of 
polytropic transformations in pressure exchange 
(12) proved to be inaccurate even for relatively low 
pressure ratios. Detailed analyses by the method of 
characteristics, first carried out by Kantrowlu and 
his associates (15), added much to the understand- 
ing of the operation of these machines and led to 
notable improvements of their performance. 

Important flow distortions are produced in the 
rotor passages of these exchangers by the centrif- 
ugal body forces. The transverse pressure gradients 
associated with these forces depend on the local 
densities and cannoi, therefore, be matched across 
normal shocks or interfaces. By the use of helical 
cells, the tangential component of the motion of the 
gas in the stationary frame of reference may be re- 
duced (6) but not eliminated, because the relative 
velocity in the cells is not constant. In a variation 
proposed by Darrieus (16), the cellular assembly is 
stationary and gas flow and wave processes are con- 
trolled by rotating the end shields with portions of 
the ducts leading to the ports. Centrifugal effects 
are thus confined to steadv-flow regions. 

Neither quasi-static nor wave-controlled ex- 
changers can normally produce the equality of pres- 
sure limits which is specified in the original defi- 
nition of pressure exchange. In the former, because 
of the stepped character of the process, the ampli- 
tude of the pressure change is smaller in the second- 
ary than in the primary fluid; in the latter, mis- 
matching will normally produce the opposite effect. 
On the other hand, different pressure limits are 
desirable in some applications. In wave-controlled 
exchangers, the separate regulation of the pressure 
limits can be achieved by the generation of more 
complicated wave processes, through suitable mod- 



ifications of the timing of valve operation (17). 
These modifications will normal!) affect the flow 
capacity of the device. 

Pressure exchangers based on wave processes 
have been shown to have merit as superchargers 
(13, 14). In their application as high-pressure stages 
(in looped arrangement with the combustion 
chamber) in turbomachines (7, 8,18), i.e.. as super- 
charged gas generators, they have the advantage of 
permitting very high peak temperatures, because 
(except in the Darrieus arrangement) all their 
moving pans are alternately exposed to hot and 
cold gases. Furthermore, supercharging improves 
their flow capacity. 

WAVE ENGINES AND WAVE COMBUSTORS 

Unsupercharged gas generators of this class, 
when the discharged gases are utilized to form pro- 
pulsive jets, are called “external-combustion wave 
engines.” These are usually double-flow engines, 
the exhaust omprising a low-energy and a high- 
energy jet ; he former is made up of the de-ener- 
gized pnr as it is scavenged out of the cells, and 
the latter 'at portion of the primary which is not 
recircuiat- -.rough the pressure exchanger. Scav- 
enging of the low-energy flow may be promoted by 
ejector action, with the high-energy jet as the driv- 
ing Sow (19). External-combustion wave engines 
are believed to be potentially competitive with the 
turbojet in air and fuel specific impulse but not in 
thrust per unit area (20). 

A w ave-contro(!ed gas generator in which pres- 
sure exchange and combustion take place in the 
same cells is called a “wave combustor" or an “in- 
ternal-combustion wave engine,” depending on 
whether its exhaust is used to produce shaft power 
or a propulsive jet. 

A simple illustration of this form of pressure ex- 
change is provided by the shock which is generated 
on ignition of a combustible mixture at one end of 
a tube. The shock is sustained by combustion and 
travels ahead of the flame, acting as the vehicle for 
the transfer of energy from the burning gases to the 
combustible charge. Utilization of a similar mode 
of pressure exchange was attempted by Kahane in 
the “intermittent ramjet” (2i). Higher compression 
ratios can be obtained by “extended pressure ex- 
change,” i.e., by suitable delays in the utilization of 
the explosion-generated waves. For example, some 
of the waves which are produced by the explosion in 
each cycle may be used to establish the flow con- 
ditions which will permit the generation of a strong 
hammer wave through interruption of the flow in 

the next cycle. The interruption of the flow may be 
produced by the rapid closure of a gate (22), or by 
the utilization of the pressure waves that are gener- 
ated when interfaces arrive at a short converging 
nozzle (20,23,24). In general, these processes are so 
controlled and timed that the effect of each explo- 
sion is not so much to generate a new pressure wave 
as it is to supply new energy to selected carry-over 
waves from the preceding cycle. Under these con- 
ditions, the combustion-energized shocks may build 
up to great strength and produce a high compres- 
sion ratio. On the other hand, the entropy rise 
which is produced in the repeated passes of these 
shocks may also become very large. The determi- 
nation of the best compression ratio is complicated 
by the fact that the freedom of choice of combustion 
inodes is far greater in nonsteady than in steady 
flow (25). The entropy rise associated with pressure 
•exchange depends on the number of cycles during 
which each particle remains within the exchanger 
before it undergoes combustion and on the number 
and strength of the pressure exchange shocks, which 
in turn depend on the rate and mode of heat release 
and on the boundary conditions. Pangburn (26) 
was able to identify certain optimum combinations 
of shock strength and heat release, within a class of 
pressure exchange modes with front modes of com- 
bustion. He found that the thermal efficiency of 
internal-combustion wave engines is potentially 
high at its peak but in every case very sensitive to 
departures of the pressure exchange mode from the 
optimum. 

A study by Fairhall (27) has revealed great varia- 
tions in the rate at which internal-combustion wave 
engines approach periodic operation, depending on 


the engine configuration and on the initial condi- 
tions. These results cast serious doubt on the re- 
liability of any performance estimate based on anal- 
ysis of a few initial cycles by the method of charac- 
teristics. 

Most experimental work in this area has been 
concerned with the problems of combustion and 
cyclic reignition by hot surfaces, and special atten- 
tion has been given to the purging of the boundary 
layer on these surfaces to expedite their contact with 
the fresh charge in each cycle (24,28). 

Pressure exchange is entirely of the extended form 
in the “hammerjet” (29,30,31,32) and in the ham- 
mer-wave combustor (33), where wave precomprcs- 
*ion of the charge is accomplished by a single sweep 
of a hammer wave, to be followed by combustion at 
substantially constant volume. The discharge of 
the combustion products here occurs in two phases 

—high-velocity expansion and low-velocity purging. 
The duration of the latter phase is normally the 
main frequency -determining factor in this type of 
device. Purging may be expedited by maintaining 
an adequate pressure drop across the exchanger 
(either through utilization ot ram effects or by 
supercharging) or, in muhitube devices, by the 
ejector action of the bigh-energy portion of the ex- 
haust. 

Generalized methods of analysis and performance 
estimates of wave engines and wave combustors, 
based on consideration of the entropy produced in 
the flow transformations within these devices are 
developed in (20). 

PUISAT1NG-ROW THRUST AUGMENTATION 

Wave-controlled pressure exchange is of special 
interest as a means of effecting the direct transfer 
of mechanical energy from the hot combustion 
products to a secondary flow of cold air in inter- 
mittent-jet engines, for the purpose of thrust .aug- 
inentation (20). The spontaneous occurrence of 
such processes in the tailpipe of most standard 
pulsejets at low flight speed (“backflow augmenta- 
tion”), first recognized by Schmidt (34), has been 
the object oT several experimental studies (35.36,37). 
Similar processes take place in thrust-augmenting 
ejector arrangements in which the primary flow is 
oonsteady (38). Here the transfer of energy takes 
place by both pressure exchange and mixing, but the 
former effect usually predominates and theoretical 
analysis has shown that the energy transfer effi- 
ciency can be very'high (20). The superiority of this 
form of augmentation over that of the steady-flow 
ejector has also been confirmed by experiment (39, 
40). Attention has even been given to its utilization 
on steadv-flow engines through conversion of the 
steady exhaust, by means of choppers, to a pulsating 
flow (41). Unfortunately, the primary momentum 
loss produced by the conversion offsets much of the 
thrust advantage that could otherwise be derived 
from the better mode of augmentation. In other 
arrangements that have been studied for the same 
purpose, pulsating augmentation is obtained with- 
out significantly disturbing the steadiness of the 
primary exhaust. In one of these arrangements, 
the augmenting duct is replaced by a cluster of ducts 
on the periphery of a rotating cylinder These ducts 
are brought to face the stationary nozzle in succes- 
sion, thereby producing in each the nonsteady flow 
situation that is required for wave-contro/fecf pres- 
sure exchange Success so far has been limited, be- 
cause of the increased frictional losses. Similar 
effects have been achieved using a stationary cluster 
of ducts and a rotating primary nozzle (42). 

CRYPTOSTEADY INTERACTIONS 

The greatest obstacle to the analysis and success- 
ful development of wave-controlled pressure ex- 
changers lies in the dependence of these devices on 
accurate timing of moving mechanical parts to wave 
and flow processes, and in their sensitivity to rela- 
tively minor departures from idea) conditions (non- 
instantaneous opening and closing of valves, dif- 
fusion of interfaces, distortion of wave fronts, etc ). 

These difficulties are largely eliminated when one 
deals, insteads, with “cryptosteady” processes, i.e , 
with processes that are nonsteady but admit a frame 


of reference in which they are steady. Cryptosteady 
flows can be generated, controlled, and analyzed as 
Heady flows in this unique frame of reference, while 
retaining the potential advantages of nonsteady 
flow in the frame of reference in which they are 
utilized 

Of these advantages, the most relevant to the 
present discussion is the ability to exchange me- 
chanical energy nondissipatively. In the absence 
of body forces, Euler’s equation and the definitions 
of total head H and specific stagnation enthalpy 
b° yield, for a fluid clement, DH/dt * dp/dt + 

V •? (if incompressible) or Dh*/Dt * (l/p) dp/dt -t 
T Ds/Di + (l/p) V • T (if compressible), where p, p, 
and T are the static pressure , density and tempera- 
ture, respectively, s is the specific entropy, V the 
local velocity, f the force per unit volume due to 
surface viscous stresses, and t the time. These equa- 
tions show that reversible transfers of mechanical 
energy within flow systems are possible only in 
regions where the local derivatives dp/dt are not 
aero, i.e., in regions of nonstcady flow . 

Consider now the pressure field associated with a 
non uni form flow which is steady in a frame of 
reference F, . The pressure is, of course, constant 
at each point fixed in space relative to F, ; but at any 
point that is fixed in a frame of reference F which is 
moving at a velocity V relative to F t the pressure 
will vary with time according to dp/dt - V-Vp. 
Therefore, except where V p is zero or normal to V, 
the flow in F is nonsteady —more precisely, crypto- 
steady— and undergoes energy exchanges that are 
absent in F,. These exchanges are essentially non- 
dissipative, because there is no entropy increment 
that is inherent in a change of frame of reference. In 
practice, the relative motion of the two frames in- 
volves some dissipation through bearing friction 
and the like, but this dissipation can be made negli- 
gible through proper design. 

The mechanism whereby energy is added to a flow 
in a compressor or is extracted from it in a turbine 
is precisely of this type (43). For example, the flow 
through the rotor of an axial-flow turbme is steady 
and tsoenergetic in the rotor-fixed frame of refer- 
ence; but in a casing-fixed frame of reference the 
same flow is cryptosteadv and yields energy to the 
environment. The essentially nondissipative char- 
acter of this energy extraction is demonstrated by 
the fact that the adiabatic efficiency of the turbine 
could, ideally, be 100° 0 . In contrast, the ideal 
adiabatic efficiency of its steadv-flow counterpart — 
the Tesla fnciion wheel — is only $0° D . 

A pressure exchange situation arises when the 
system considered involves two or more flows (44 
Two contiguous streams which do not exchange 
energy in a frame of reference F t in which they are 
both steady will, in general, exchange energy in 
every' other frame. As in all other forms of pressure 
exchange, the mechanical energy exchanged between 
contiguous flows in a cryptosteady interaction is 
equal to the work done by the pressure forces which 
the interacting flows exert on one another at their 
interfaces. This work is zero in F,. where the inter- 
faces are stationary. In every other frame of refer- 
ence the interfaces move and energy is exchanged. 
An important distinguishing feature of cryptosteady 
pressure exchange is the existence of a frame of 
reference F, in which the interfaces are stationary 
and the flows arc therefore tangential to them on 
both sides: as they come in contact, the interacting 
flows deflect each other to common orientations at 
their interfaces in F, . 

in a simple embodiment of this concept, frame 
F, rotates at a constant angular velocity relative to 
frame F. A driving (primary) fluid is made to issue 
through slanted orifices on the periphery of a ro- 
tating member which is driven by the reaction of the 
issuing jets themselves. At every instant, the pri- 
mary’ fluid which has emerged during a brief and im- 
mediately preceding time interval from each ro- 
tating orifice occupies a spiral or helical region in 
space, which rotates about the same axis and at the 
same angular velocity as the rotor Although the 
fluid particles within this region do not follow the 
same motion, its boundaries are the interfaces 
separating the primary from the surrounding (sec- 
ondary) fluid, and their relation to the flow of this 
secondary fluid is therefore substantially the same as 
that of blade or vane surfaces of the same shape. 



routing at the same angular velocity. Therefore, 
the interacting Rows exchange energy in a stationary 
frame by a mechanism which is essentially similar to 
that of turbopumps or turbopropellers, although 
the “blades" arc now patterns rather than bodies of 
abiding material The energy acquired by the 
secondary fluid in this process is extracted entirely 
or partially from the primary flow, depending on 
whether the rotation of the rotor is produced and 
maintained solely by the reaction of the issuing jets 
or also by other means. 

Here again, as in the pulsating-flow ejector, a 
portion of the mechanical energy transfer takes 
place by pressure exchange and the remainder by 
mixing. The portion transferred in the pressure ex- 
change phase— the phase in which the interacting 
flows deflect each other to a common orientation in 
F*-— approaches 100° o of the total as the relative 
velocity of F, and F is increased indefinitely. When 
this velocity is icro, the pressure exchange phase is 
absent and the device is reduced to a steady -flow 
ejector. In all other cases, its efficiency of energy 
transfer is higher than that of the ejector, by virtue 
of its nondissipative pressure exchange phase. 

The velocities of the deflected flows have different 
orientations on the two sides of their interfaces in 
every frame of reference except F,. This fact may 
be utilized to separate the two flows after their non- 
dissipative interaction, before mixing between them 
has made much progress (44). Because of the steadi- 
ness of the flow pattern in F», this separation can 
also be effected by means of Fj-fixed outflow ports. 

Plane-Row analyses of cryptosteady pressure ex- 
change, with or without subsequent mixing, have 
been worked out for special cases (44-49). Hohen- 
emser (48) has also developed an analysis of the 
deflection phase based on application of an ap- 
proach similar to the strip method of propeller 
theory. Experimental work has been reported by 
Guman (50). Vennos (51), Hohcnemser (49), and 
Waters (52). Unpublished work by Farrell and 
Bursik at Rensselaer Polytechnic Institute and, 
more recently, by Grillo at Politecnico di Torino has 
been aimed at the generation of rotaTy ‘‘fluid blade" 
patterns for cryptosteady pressure exchange, 
through modified and controlled forms of rotating 
stall through stationary cascades. 

Attention has also been given to a cryptosteady 
interaction of a reverse form, whereby an initially 
homogeneous stream is divided into two separate 
flows at different energy levels (53). The flow field 
is stationary in a frame of reference F,, and the 
separation is effected by extracting the two portions 
of the flow through F\ -fixed discharge ports having 
different orientations. If F* is kept in steady motion 
relative to another frame of reference F, then the 
flow is cryptosteady in F and energy is transferred 
in it from one portion to the other of the original 
stream through the work of the mutually exerted 
pressure forces at their surface of contact. The 
process lends itself to applications in heating, cool- 
ing. air conditioning, and pumping apparatus. Its 
only steady-flow counterpart is the highly dissipa- 
tive mechanism of the Ranque-Hilsch tube. 
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ABSTRACT 

Cryp tos teady - f low energy exchange is 
defined, illustrated by simple examples, and 
compared to other forms of direct fluid-fluid 
energy exchange. Areas of application are 
briefly described, with special attention to 
thrust augmentation and "external" energy 
separation. 

NOTATION 


A 

A 

y 

Ap’ 


cross -sectional area 

total discharge area of primary nozzles 

nozzle exit area that would be required 
if primary were discharged at ambient 
static pressure 


c 

flow velocity in F 


F s 

steady-flow frame of 

reference 

F 

u 

laboratory frame of 

reference 

h* 

specific stagnation 

enthalpy in F g 

h° 

specific stagnation 

enthalpy in F^ 

m 

mass flow rate 


u 

fluid particle veloc 

ity in F u 

V 

primary velocity in 
expansion to ambient 

F on isentropic 
static pressure 

U 

u/ u , 
P 



velocity of F s relative to 


a = A /A 
P e 

‘ V/A, 


6 

A 


A/VnpU*, 

dissipation (overall loss of availabil- 
ity in the energy exchange) 


= m /m (in flow induction) or 
s p 

energy separation) 


A h /A c 


(in 


$ = static thrust augmentation ratio (re- 

ferred to the thrust of the isentro- 
pically expanded primary alone) 

Subscript s 


e 

h 

P 

p' 


THE CONCEPT 

Most modes of direct fluid-fluid exchange 
involve both a dissipative and a nondiss ipat ive 
component [l] 1 . The latter component is pro- 
vided by "pressure exchange" -- the work of 
interface pressure forces . 


"cold" 

output 
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er exit st 

at 

ion 

"hot" output 
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fluid or 

fl 

ow 

primary 

condition 

s 

on isentropic expan- 

sion to 
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re 

s sure 

seconda 

ry fluid o 

r 

flow 


For thes 
the interface 
exchange can 
acting flows 
of nonsteadin 
exchange proc 
marily becaus 
sibility of g 
dissipative c 
does not nece 
nonsteady mod 
the steady on 
face pressure 


e pressure forces to do 
s must move. Therefore, 
take place only where th 
are nonsteady 3 . The int 
ess in direct fluid-flui 
esses is indeed of inter 
e of its relevance to th 
enerating and utilizing 
omponent of energy trans 
ssarily follow, however, 
es are always to be pref 
es. In the first place, 
forces may happen to ac 


work , 
pressure 
e inter- 
roduct ion 
d energy 
est pri- 
e pos - 
this non- 
f er . It 
that the 
erred to 
inter - 
t , in 


1 Numbers in brackets designate references 
at end of paper. 


2 "Pressure Exchange 
change of static p 
sion of a body of 
of interface press 
by another body of 
the same pressure 
designation has al 
Seippel [4] to simi 
of stagnation pres 
is now widely take 
energy exchange re 
interface pressure 


" originally meant ex- 
ressure -- the compres- 
gas by the direct action 
ure forces exerted on it 
gas expanding between 
limits [2,3]. The same 
so been applied, after 
larly direct exchanges 
sure between flows, and 
n to mean any fluid-fluid 
suiting from the work of 
forces . 


3 The fact that a nondissipative transfer of 
mechanical energy can take place only in 
nonsteady flow has also been pointed out, 
in a different context, by R.C. Dean [5]. 



6 


some modes, in a direction to oppose, rather 
than to promote, the desired transfer of 
energy; and in the second place, the non- 
steadiness needed for pressure exchange does 
not usually come free. In many cases, the 
entropy cost of generating the required non- 
steadiness may be large enough to outweigh 
any advantage that might otherwise be derived 
from the subsequent utilization of pressure 
exchange. This is well illustrated by the 
energetics of the pulsating- flow ejector [6], 
a flow- induction device in which the induced 
flow is driven by the surface forces that are 
exerted on it by pulse- generated "pistons” 
of the driving fluid (Fig. lb). Ideally, flow 
induction takes place in this mechanism by 
pressure exchange alone, and mixing plays no 
role in it. Even in this ideal situation, 
however, its overall efficiency ’ of mechanical 
energy transfer is relatively low, because 
a considerable portion of the available energy 
becomes trapped, for eventual dissipation, as 
kine t ic' energy of rotation within the "pis- 
tons" themselves as they are being formed 
[1,7]. In other modes, the cost of generating 
nonsteadiness may also be traced to a variety 
of other causes, such as the throttling 
and shock losses that are often associated 
with valve action, or dissipation in starting 
vorticity and wakes. 


advantages of steady flow. Furthermore, since 
changes of the frame of reference are revers- 
ible, no dissipation is inherently involved 
in the generation of this mode of pressure 
exchange. To put it another way, entropy 
being a state function, the entropy rise is 
an invariant with respect to changes of the 
frame of reference, and is therefore the same 
in F u , where pressure exchange is utilized, as 
in F s , where, the flow being steady, pressure 
exchange is absent. 


EXAMPLES 


Three simple examples of cryptosteady 
pressure exchange, all concerning plane-flow 
? tuations, will be discussed here for the pur- 
se of illustration. 

In Fig. 2, two flows are seen deflecting 
each other to a common orientation in a frame 
of reference F s in which they are both steady. 
The static pressures at a, b, and c are assumed 
to be equal. Neglecting transport processes, 
no energy is exchanged between the two flows in 
F s during this "mutual deflection" phase. On 
the other hand, the changing magnitude of the 
velocity vectors in the frame of reference F u 


STEADY-FLOW 

EJECTOR 



PULSATING - 
FLOW EJECTOR 



(b) 


Fig. 1 - Schematics of steady-flow and non- 
steady flow ejectors [6]. 

Special attention will be given here to 
one particular class of nonsteady modes -- 
that of the processes that are called "crypto- 
steady" to signify that they are nonsteady 
but admit a frame of observation in which 
they are steady [8] . These modes utilize the 
fact that a flow that is not uniform through- 
out can be steady in no more than one frame 
of reference. They transform a steady-flow 
interaction into a nonsteady one by the simple 
artifice of utilizing it in a frame of refer- 
ence F u other than the unique one, F s , in 
which it is steady. Thus, they are capable 
of providing in F u the benefit of pressure 
exchange, while retaining in F s the control 



Fig. 2 - An example of subsonic cryptosteady 
energy exchange. 

of an observer 0 U moving at a velocity 
relative to F s reveals that a transfer of 
energy takes place from one flow to the other 
in F u . The energy so transferred is equal to 
the work done in this frame of reference by 
the pressure forces that the two flows exert 
on one another at their interface. This 
work is, of course zero in F s , where the inter- 
face is stationary. In short, what is a 
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mutual deflection of two isoenergetic flows in 
F s is an energy transfer process, by pressure 
exchange, in F u . It will also be noted that, 
whereas in this phase the velocities of the two 
flows acquire the same orientation in F s , the 
fluid particle velocities in F u do not. 

Fig. 3 (from Ref. 11) illustrates the 
transformation of a steady-flow interaction 
into a cryptosteady one in a situation involv- 
ing losses. A half - inf ini te , infinitely thin 
plate separates a high-pressure ’’primary" gas 
1 from a low-pressure "secondary" gas 2. 



Fig. 3 - An example of supersonic cryptosteady 
energy exchange. 

Both gases are initially (regions 1 and 2) at 
rest in an inertial frame of reference F u , and 
in this frame of reference the plate moves in 
its own plane at a constant velocity , super- 
sonic relative to both gases. Viscous stresses 
on the plate are assumed to be negligible. Aft 
of the trailing edge of the plate, gas 1 
expands into the domain initially occupied by 
gas 2. At every instant, the primary gas that 
has expanded in a short immediately preceding 
time interval is seen to occupy a wedge-shaped 
region, the leading edge of which advances in 
F u (hence relative to the gas in region 2) at 
the velocity The frame of reference 

attached to the plate is in this case the 
steady-flow frame F s . The two flows undergo 
in F s the same turning angle 6, the primary 
through a Prandtl -Meyer expansion e _ , and the 
secondary through an oblique shock~s_. To the 
extent that transport processes can be neglect- 
ed in the early phases of the interaction, both 
flows are, in F s , isoenergetic. In F u , how- 
ever, they are not, because both the static 
enthalpy and the kinetic energy in F u are high- 
er in region 2 1 (behind the shock, hence after 
deflection) than in region 2. Since no work is 
required to move the plate, it follows that, 
in F^, the energy acquired by the secondary 
gas is energy extracted from the primary gas. 
The energy level of the primary gas in F u is 
indeed found to be correspondingly lower in 
the expanded region 1* than in region 1. The 
only entropy increment in the process is that 
produced by the shock. It is an invariant, 
hence the dissipation is the same in F u as in 
F s . Again it will be noted that pressure 


exchange causes the particle velocities of 
the two fluids to acquire different orienta- 
tions in F u . This observation has suggested 
certain methods of interaction control that 
are of potential interest in cryptosteady- 
flow thrust and power generation (see THE 
ROTARY JET, below). 

A third example of cryptosteady pressure 
exchange is seen in Fig. 4, which shows a 
plane and initially uniform jet j_ issuing 
from a nozzle and impinging at an angle on a 
fixed wall. F s is in this case the frame of 
reference attached to the nozzle. The impinge 
ment causes the jet to divide into two sub- 
flows, c and h. The stagnation stream surface 


w 



/ 

Ci 


Fig. 4 - Another example of cryptosteady- flow- 
energy exchange 

s_ is the surface of contact between the two 
subflows in the impinging stream. If viscous 
stresses and heat exchanges are negligible, 
and if the static pressure is the same in the 
deflected subflows as in the original stream, 
the specific stagnation enthalpy (or the 
total head, if the fluid is incompressible) 
is, in frame F s , the same in the deflected 
subflows as in the original stream. In every 
other frame of reference, however, the two 
subflows will acquire different energy levels 
as they become separated from one another. 

For example, if the nozzle is moving to the 
left relative to a frame F u , an observer in 
the latter frame will measure a higher veloc- 
ity, hence a higher kinetic energy and a high- 
er overall energy level, in h than in c. The 
fact that energy is transferred, in F u , from 
subflow c to subflow h can again be explained 
as resulting from the fact that interface s^ is 
moving to the left in F u and that, as a con- 
sequence, the pressure forces that flows c 
and h exert on one another at their contact 
surface are doing positive and negative work, 
respectively. The energy that is transferred 
in F u is indeed equal to the work done by sub- 
flow c on subflow h in this frame of reference 

APPLICATIONS AND THEIR RATIONALE 

Cryptosteady modes of direct fluid-fluid 
energy exchange find application in two main 
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areas -- flow induction and energy separation. 
In flow induction the object of the exchange 
is the direct transfer of available mechan- 
ical energy and/or momentum of coherent motion 
from a "primary” to a "secondary" flow -- 
e.g., for the purpose of thrust of lift aug- 
mentation. In energy separation, on the other 
hand, an initially homogeneous flow is split 
into two subflows , in one of which the energy 
level is increased at the expense of the 
energy level in the other (as in the situation 
of Fig. 4), and the two outputs may be used 
either jointly or separately in environmental 
control or for other purposes 4 . 

In both areas of application, the motion 
of F s relative to F u is most conveniently 
effected as a rotation, frame F s being 
attached to a rotor and F u being the labora- 
tory frame of reference. The rotor receives 
the appropriate flow (in flow- induction , the 
primary flow; in energy separation, the flow 
to be split) and discharges it through canted 
nozzles on its periphery, thereby being 
driven by the reaction of the issuing jets 



Fig. 5 - Cryptosteady flow induction 
(a) Radial (b) Axial 


4 Flow induction devices and energy sepa- 
rators are sometimes called "equalizers" 
and "dividers", respectively [9,10]. 


themselves. Energy separation is called 
"external" or "internal", depending on whe- 
ther it takes place outside or inside the 
rotor. Figs. 5(a) and 5(b) show a radial and 
an axial flow induction arrangement, respec- 
tively, and Figs. 6(a) and 6(b) show two 
energy separation arrangements --an external 
and an internal one, respectively. 

As already noted, the special merit of 
cryptosteady modes derives, in both areas of 
application, from two factors; (a) the role 
that is played in them by the nondiss Ipative 
mechanism of pressure exchange, and, no less 
importantly, (b) the uniquely nondissipative 
way in which they generate pressure exchange. 


CASING 



Fig. 6 - Cryptosteady flow energy separation 
(a) external, (b) internal 

Strangely enough, the importance of the 
effect of dissipation on performance has 
not always been fully appreciated. As an 
Illustration of this effect, consider a 
thrust-augmenting ejector cf given area ratio 
A e /Ap 1 operating statically on incompressible 
fluias of equal densities. The flow induc- 
tion process may be steady or nonsteady or 
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cryptosteady. If, however, the flow at the 
exit is assumed to be steady and uniform 
(fully mixed) in all cases, and if it is 
further stipulated that no net energy be 
exchanged between the internal flows" and the 
surroundings, it can readily be shown, from 


the definitions of 6 and $ 0 , that 

6 = 1 - (1+y) U e 2 (1) 

* 0 = (l + M)U e (2) 

and, by continuity, 

U e = a f (1 + p) (3) 

Therefore , 

U e = [(l-6)a']‘/ 3 (4) 

P = [(l-6)/a’ 2 ] l / 3 -l (5) 

and 4 0 = (l+p) 2 a' = [ (1 - <$) 2 /a ' ] 1 / 3 (6) 


Eqs. (5) and (6) are plotted in Figs. 7 
and 8, respectively. They show that, with 
any given area ratio, p increases as 6 is de- 
creased, and that, as a direct consequence of 
this effect, impressive performance advan- 
tages can be derived from the use of the 
least dissipative modes of flow induction. 

They also show that a comparison of the per- 
formance merits of different ejector mecha- 
nisms for equal mass flow ratios could be 
misleading, in that, if the area ratio is also 
specified (as is often the case) , 6 is of 
course found to be uniquely determined, re- 
gardless of the mode of flow induction. 

Results of such comparative analyses have 
indeed been misinterpreted by some (obviously 
unaware of clear experimental evidence to 
the contrary) to mean that the only bene- 
ficial effect that can be derived from the 
introduction of nonsteadiness in the ejector 
mechanism is the promotion of mixing [12 
through 16] 5 . 

Similar and even more obvious arguments 
may be presented in support of the application 
of cryptosteady modes in energy separation. 

All else being equal, a lower dissipation in 
the energy separation process means a higher 
availability in the outputs (mostly notably 
in the "hot” output) , hence the potential 
for high second-law efficiencies. 

In conclusion, the best mechanism of 
direct fluid-fluid energy exchange are those 
which utilize pressure exchange, and in which 
pressure exchange itself is achieved at the 
least entropy cost. The cryptosteady modes 
are believed to be among the most promising 
of such mechanisms. 


5 The misinterpretation stems, of course, 
from failure to recognize that the problem 
of flow induction Is a boundary-value prob- 
lem. It is noteworthy, in this connection, 
that significant error may also result from 
initial-value stipulations concerning only 
one of the two flows [1] . 



Fig. 7 - Effect of dissipation on entrainment 
ratio 



Fig. 8 - Effect of dissipation on thrust 
augmentation ratio 





THE ROTARY JET 

The flow-induction arrangement of Fig. 

5(b) is known as the "rotary jet” [11, and 17 
through 28]. In this device, as already 
mentioned, the primary is discharged into the 
interaction space through skewed nozzles on 
the periphery of a free- spinning rotor, there- 
by causing the rotor to spin. The inclination 
of the nozzle axis to the local meridional 
plane is called the "spin angle”. Of course, 
the higher the spin angle -- everything else 
being the same -- the higher the rotor speed. 
The interaction is steady in a frame of refer- 
ence fixed to the rotor (F s ) and nonsteady in 
every other frame of reference. At every 
instant, the primary fluid that has emerged in 
an immediately preceding time interval from 
each rotating orifice occupies in space a 
spiral or helical region, called "pseudoblade , M 
which rotates about the same axis and at the 
same angular velocity as the rotor. Although 
the fluid particles within the pseudoblade do 
not follow this same motion, its boundaries 
are the interfaces separating the primary from 
the secondary fluid, and their motion gives 
rise to pressure exchange. The secondary acts 
on the primary in the manner of a turbine, 
while, at the same time, the primary acts on 
the secondary in the manner of a propeller or 
fan. The two actions are compounded here in 
a single step, whereby, as in the situation of 
Fig. 2, the two flows deflect each other to a 
common orientation in F s and, as a consequence, 
pressure exchange takes place between them in 
Fy. The ways these actions are finally uti- 
lized in rotary jets differ, of course, from 
the ways of dynamic flow machines, because the 
pseudoblades are fluid 6 . For example, in ro- 
tary-jet propulsion, the thrust cannot be gen 
crated as a force exerted by the pseudoblades 
on the body to be propelled. It is generated, 
instead, as the resultant of the surface 
forces that the inducing and the induced flow 
are exerting on the boundaries of the inter- 
action space (and most particularly, as in 
ducted propellers, on the shroud). 

The pressure exchange phase, which is us- 
ually very short, is followed by the slower 
transport processes of mixing and heat trans- 
fer, and the extent to which these are com- 
pleted depends, of course, on the length of 
the interaction duct. The two flows may also 
be separated from one another after pressure 
exchange, before their mixing has progressed 
too far. Since both flows occupy fixed pos- 
itions in F s , one obvious way of separating 
them is to extract them from the interaction 
space through ports suitably arranged in fixed 
positions in this frame of reference. Another 
way is suggested by the already noted differ- 
ence in orientation of the particle velocities 
of the two flows in F u after the deflection 


6 More than that, they are merely patterns 
and not bodies of abiding material -- a 
fact that also frees them from temperature 
and stress limitations and makes them im- 
mune to erosion and to damage from cavita- 
tion, scraping, and other sources. 


phase. If the enclosure of the interaction 
space is provided with a set of stationary 
exit passages whose orientation is that of the 
direction of motion of the primary fluid parti- 
cles, and with a second set of passages whose 
orientation is that of the direction of motion 
of the secondary fluid particles, a predomi- 
nant portion of each of the two fluids will 
flow out through that set of passages which 
matches the orientation of its motion. 

The possibility of separating the two 
flows immediately after pressure exchange is 
of special interest in applications utilizing 
the favorable mismatching of total or stag- 
nation pressures that can be mad^ to occur 
across interfaces in pressure e' .hange. This 
effect is not quite as general!’ achievable 
in the rotary jet as in the wav rotor pres- 
sure exchanger. Indeed, in the matter device, 
pressure and velocity being both continuous 
across the interfaces, all that is required 
for a favorable mismatching is that the den- 
sity be higher -- or the speed of sound be 
lower -- on the driven than on the driving 
side of the interface. In the rotary jet, 
the velocities are not continuous across the 
interfaces, but favorable interface mismatch- 
ings can nevertheless be generated over a wide 
range of conditions. Evidence of this effect 
is provided by the fact that, as will be seen 
below, the performance of rotary-jet ejectors 
benefits, above a certain spin angle, from an 
increase of the secondary- to-primary density 
ratio, whereas that of the conventional 
(steady- flow) ejector is always affected ad- 
versely by such an increase. 

Effective stagnation -pres sure mismatching 
and separation of the two flows after pressure 
exchange may conceivably make possible the 
self-sustaining operation of rotary jets (in 
looped arrangements with combustion chambers) 
as bladeless versions of gas generators or 
turbojets [11,24]. In such applications, the 
amplitude of the mismatching will have to be 
great enough to cause the stagnation pressure 
of the secondary flow after pressure exchange 
to be higher than that of the primary flow 
before pressure exchange. 

The only drawback of the rotary jet rela- 
tive to the steady-flow ejector is that it 
has one moving part -- the rotor. Theory [25]* 
suggests, however, that flow patterns similar 
to those of the primary streams in the rotary 
jet should be achievable also without moving 
parts, through the promotion and utilization 
of stall propagation in stationary cascades 
of high solidity. 

Because of the dominant role of crypto- 
steady pressure exchange in the first phase of 
the interaction, the potential energy transfer 
efficiency and overall performance of the 
rotary jet can be expected to be considerably 
better than those of other modes of direct 
flow induction under the same boundary condi- 
tions. This fact has been confirmed experi- 
mentally by various researchers [18, 21, 26, 

27 , 28],. although minor changes in design are 
still occasionally found to result in signif- 
icant and as yet unexplained changes in 
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performance, indicating that much remains to 
be done in the area of rotary-jet research. 

Existing theories of the rotary jet have 
focused on its performance as a thrust aug- 
menter and have been based on three main ana- 
lytical models -- a two dimensional, a "thin- 
jet-strip" and a "wide -j et - strip” model. 

In the two-dimensional model [11, 17, 18] 
the penetration of the secondary flow into the 
space between the pseudoblades is assumed to 
be completed before the two flows deflect each 
other to a common orientation in the rotor- 
fixed frame of reference, and the depth of the 
interaction space is assumed to be small com- 
pared to i + mean radius. 

In Ho nemser’s thin-jet strip approach 
[18, 19, 2Uj the primary is treated as a very 
thin jet successively interacting with infini- 
tesimal layers of the secondary flow. In each 
of these infinitesimal steps, as the two 
interacting flows deflect each other to a com- 
mon orientation, the primary jet, which is 
finite, undergoes an infinitesimal deflection, 
and the secondary layer, which is infinites- 
imal, undergoes a finite deflection. The 
changes of angular momentum of the two flows 
in each step must be equal and opposite. The 
equation expressing this fact yields the dis- 
tribution of deflections and velocities at the 
exit from the interaction space. 

A more detailed analytical model has been 
developed by Costopoulos [23] , whereby account 
is taken of that part of the interaction that 
takes place where the secondary flow enters 
the space between the pseudoblades. As Fig. 9 
shows, different layers in both flows undergo 



Fig. 9 - Mutual deflection phase according 
to Costopoulos model [23]. 



Fig. 10 - Theoretical predictions of thrust 

augmentation for constant area ducts. 

different histories, different deflections 
and different exchanges of mechanical energy. 
The performance calculated by this method is 
plotted in Fig. 10. 

The effect of mixing during deflection 
has been examined by Hohenemser and Porter [20] 
and by Costopoulos [23] on the basis of the 
thin-jet strip and of the wide- jet strip model, 
respectively. This effect is always an adverse 
one, as one would expect, since energy that is 
transferred through mixing during the deflec- 
tion phase is energy that could have been 
transferred more efficiently through the work 
of the interface pressure forces. In contrast, 
mixing after the mutual deflection phase is 
always found to be beneficial, if no account 
is taken of the drag and weight penalties that 
are associated with the required extension of 
the shroud [23]. Actually beyond a certain 
spin angle (about 15° or 20°) , the benefit 
that can be derived from mixing becomes too 
small to offset these penalties. 

Changing the secondary-to-primary density 
ratio can have an important effect on perform- 
ance [17, 18, 23], but the nature of the ef- 
fect depends on the spin angle. Fig. 11 illus- 
trates this dependence for the case of a 
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Fig. 11 - Effect of secondary- to - primary 
density ratio for constant area 
interactions when Ae/Ap = 30. 

cons tant - area thrust augmenting ejector. The 
effect of increasing the density ratio above 
1.0 is an adverse one for the steady-flcw 
ejector and for the rotary jets of low spin 
angles, but is otherwise a beneficial one. 

Typical results of recently conducted 
tests under a George Washington University 
contract with the Air Force Office of Scien- 
tific Research are summarized in Table I, in 
which the performance of a steady-flow (zero 
spin angle) three-nozzle thrust augmenting 
ejector is compared with that of a rotary jet 
cf the same shape and size, operating under 
exactly the same conditions. In this table, 
L/D^ is the ratio of the length of the shroud 
to its exit diameter; n T is the efficiency 
of energy transfer, i.e., the ratio between 
the availability gained by the secondary and 
that lost by the primary in the interaction; 
and the meaning of the other symbols is as 
defined under ’’NOTATION". The diffuser area 
ratio was 2.36 in all cases. The last three 
quantities are calculated from the measured 
thrust augmentation ratio on the assumption 
of a uniform flow at the augmenter’s exit. 

It will be noted that even a moderate 
spin angle, hence a relatively slow rotation, 
can produce a significant improvement in 
performance with greatly reduced interaction 
lengths . 


The results indicated in TABLE I were 
chosen because they demonstrate the advantage 
of the rotary jet with varying diffuser length, 
other things remaining constant. However, it 
should be noted that the thrust augmentations 
indicated are below those that can be obtained. 
At The George Washington University thrust 
augmentations in excess of 1.8 have been ob- 
tained and future improvements are expected. 

By comparison extensive support has been 
provided to the steady flow ejector. With the 
hypermixing nozzle ejector developed at Rock- 
well [44] , typical thrust augmentations of 
about 1.65 have been obtained. 

In Fig. 12, the comparison between rotary 
jet and steady flow ejectors is further indi- 
cated. The ratio of measured thrusts for rot- 
ary jets and steady flow ejectors with the 
same duct, nozzle pressure ratio, and nozzle 
geometries is plotted vs. duct length to exit 
diameter ratio for specified rotors and duct 
diffuser area ratios. Two rotor configurations 
were used. The data show that the rotary jet 
provides a major improvement in thrust over 
the steady flow ejector for relatively short 
ducts and for high area ratio diffusers. 



□ Rectangular NozzIes,P= 1 0° 



0.0 1.0 2.0 3.0 


Ratio of Duct Length to Duct Diameter, L/D e 


Fig. 12 - Performance comparison of rotary 
jet and steady-flow ejeqtor 

In TABLE II is shown a comparison of 
theoretical and experimental thrust augmen- 
tation and dissipation for constant area ducts. 
Comparing theoretical and experimental dissi- 
pation, 6, it can be seen that in the models 
tested the dissipation was considerably higher 
than the theoretical values. Hence, there is 
much room for improvement in rotary jet 
performance. 

THE CRYPTOSTEADY- FLOW ENERGY SEPARATOR 

The only known steady-flow method of 
energy separation is that of the Ranque -Hilsch 
tube [29, 30], in which the transfer of energy 
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TABLE I - Rotary Jet and Steady Flow Ejector Performance with 
Diffusers of Area Ratio 2.36. 
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6 
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(degrees) 





V A p - 46 
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.796 

6.55 
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Round Nozzles 






Ag/Ap = 46 

0 

1.41 

.753 

7.05 
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8.5 

1.68 
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0.295 

Round Nozzles 






V\ ■ 151 

1 0 

1.08 

.909 

11.77 

0.084 

L/D e =1.90 : 

Rectangular 

10 

i 

1.61 

.834 

14. 59 

0.157 

Nozzles 

i 
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0 

1.23 

.888 

12.63 

.104 

L/D e =2.50 
Rectangular 
Nozzles 

10 

1.67 

. 824 

14.88 

.166 


TABLE II - Rotary Jet Performance with Constant Area Ducts; 
Comparison of Theory* and Experiment 


A /A 
e P 

e 

o 

Exp . 

Theory 

6 

Exp . 

6 

Theory 

U 

n T 

Ref . 

16 

7 

1.36 

1.56 

. 60 

. 51 

3.66 

.34 

[45] 

16 

18 

1.44 

1.75 

. 57 

.42 

3.78 

.38 

[19] 

16 

24 

1. 51 

1.87 

. 54 

.36 

3.91 

.41 

[19] 

40 

13 

1.80 

2.02 

.62 

.55 

7.48 

.35 

[18] 

66 

16 

1.86 

2.46 

. 69 

. 53 

10.10 

. 29 

[18] 

20 

45 

2.00 

2.45 

.37 

.14 

5.32 

. 59 

[221 

120 

15 

1.56 

3.07 

.82 

. 51 

12.68 

.17 

[28] 


* Theoretical predictions based on results of [23]. 


is effected entirely through the dissipative 
action of viscous stresses and irreversible 
transport processes, hence with very low effi- 
ciency. In an effort to achieve the same 
effect more efficiently through the utilization 
of nonsteady inter actions , some attention has 
been given to the development of devices which 
operate on the basis of wave processes [9,10]. 
However, the sensitivity of performance to 
departures from the appropriate mode and tim- 
ing of control operations (like the opening 
the closing of ports) represents a serious 
impediment to the successful design and oper- 
ation of such devices. In contrast, as has 
been pointed out earlier, an important advan- 
tage of cryptosteady- flow energy separation 
is that it can be generated, controlled, and 
analyzed as a steady-flow process in the unique 
frame of reference in which it is steady (F s ) , 
while retaining all the potential advantages 
of nons t eady- f low energy exchanges in the frame 
of reference F u in which it is utilized. 

Consider again the situation described by 


Fig. 4. A plane and initially uniform jet 
of an inviscid fluid issues through a nozzle 
and impinges on an adiabatic wall surface W 
at an angle 6 to the normal to the wall. As 
already notes, the impingement causes the jet 
to divide into two subflows, c and h. If the 
discharge pressures on the c and h ifides^are 
equal, the ratio of the mas? flow rates m^ 
and m c is y= (1- sinQ) / (1 + sinS) . 

For either subflow, u=c+V, hence 
h =h*+^V 2 +f*^. Since hj* = h*, there follows 

h£-h«-(S h -S c ).$. 

This quantity vanishes only if V is either 
zero or normal to the deflected streams. 
Excluding these two trivial cases, it must be 
concluded that energy is transferred, in F u , 
from one portion to the other of the original 
stream as the two portions are deflected to 
different or ientat ions . The energy transferred 
is, of course, equal to the work done by the 
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pressure forces that the two flows are exert- 
ing on one another at their contact surface s_. 
Flows c and h can be captured separately in F u 
as a "cold" and a "hot 1 * output, respectively. 

The plane-flow situation just described 
may be approximated through lateral confine- 
ment of the flow field by means of end plates 
or vanes. If an array of jets is used, the 
vanes may be shaped to lead flows c and h 
into separate spaces (Fig. 13). For the flow 
to be truly cryptosteady, the vanes must be 
stationary in F s . 


Nozzle Exit 


COLD in F> 


IMIUML 



/nff/f/f/fj /f/ntlLL 


Motion of F, Relative to F y 


Fig. 13 - Example of output collection 
in external separation. 

The arrangement of Fig. 6(a) approximates 
that of Fig. 4 so long as the radial depth 
of the annular space separating the rotor from 
the casing is small compared to its mean 
radius. In the arrangement of Fig. 6(b) sepa- 
ration of flows c and h takes place inside the 
rotor, and the two flows are discharged, 
through separate nozzles (of which only two 
are shown) , into separate collectors 

As mentioned earlier, Figs. 6(a) and 6(b) 
are schematic representations of "external 
separation" and "internal separation" arrange- 
ments respectively. 


0.3, a pressure ratio of 3.0 and an input flow 
temperature of 54.5°F (12.5°C), the measured 
temperature of the hot output was 148. 2°F 
(64 . 5 0 C) and that of the cold output was 
-11. 2°F (- 24 °C) . 

Experimental work on both internal-and 
external-separation devices has only recently 
been resumed, under the sponsorship of the 
U.S. Department of Energy, at The George 
Washington University [43] . 

In general, test results so far have been 
found to be in varying degrees of agreement -- 
from good to poor, depending on the model -- 
with the predictions of the available theories. 
Where the agreement has been unsatisfactory, 
the discrepancy has helped in some cases to 
identify design deficiencies and/or needed 
refinements of the theory. For example, in the 
case of an internal - separat ion model, the noz- 
zle efficiencies were found to be only about 
651, far lower than the nozzle efficiencies 
that can be achieved through appropriate design. 
Collection losses have also been found to be 
high, particularly on the hot side. These and 
other observations indicate that there is a 
great deal of room left for improvement in 
energy separator design. 

The most comprehensive existing analysis 
of energy separation in all its forms, includ- 
ing in particular the cryptosteady modes, is 
to be found in P.A. Graham’s doctoral dis- 
sertation [33] . The performance chart of 
Fig. 14 is taken from this work. Here u 0 is 
the particle velocity on isentropic expansion 
from inlet conditions to discharge pressure. 

The baseline configuration is an "internal" 
one in which nozzle inclinations and discharge 
pressures are equal on the two sides and there 
is no prerotation. 


C ryp tos t eady - f low energy separation was 
first proposed and analyzed in reference [31]. 
More comprehensive studies of the concept are 
presented in references [32] through [41]. 

The validity of the concept was first 
tested in experiments on small and rather 
crude models at Rensselaer Polytechnic 
Institute [31]. With a hot-to-cold mass flow 
ratio (p) of 0.5 and an input flow temperature 
of 70°F ( 2 0 0 C ) , the measured cold-out-put 
temperature was found to decrease from 48°F 
( + 3.9°C) to 3 0 0 F (-1.1°C) as the pressure ratio 
(ratio of inlet stagnation to discharge static 
pressure) was increased from 2.0 to 4.0. 
Neglecting heat losses and bearing friction 
or other shaft torque, the stagnation enthalpy 
rise on the hot side is, of course, always 
equal to the stagnation enthalpy drop on the 
cold side divided by the mass flow ratio 
Thus, when the cold-output temperature (T c °) 
was 48°F (+8.9°C), the hot-output temperature 
(Th°) was 94 0 F (34.4°C); and when T c ° was 
30 V F (-1.1°C), T h ° was 110°F (43.3°C). 

The high promise of this mechanism was 
confirmed by experiments conducted on an 
R.P.I. model at Columbia Research Corp. [42], 
where, for example, with a mass flow ratio of 


In the study of external separation, 
special attention has been given to the loss 
of performance that may result from the bound- 
ary layer entrainment of hot gas to the cold- 
output side [35]. The prediction of the 
theory, when applied to representative config- 
uration's and operating conditions, has been 
that the mass entrainment should not increase 
the cold-side stagnation enthalpy by more than 
a fraction of a percent, and this prediction 
has been confirmed by simple experiments. 

In the study of internal separation, 
attention has been given to the effects of 
asymmetries in nozzle efficiencies, prerota- 
tion velocities, back pressures and other 
variables, and also to the nonsteady-flow 
effects resulting from the motion of the rotor 
discharge nozzles relative to the supply chan- 
nels; and criteria have been developed for the 
identification of the conditions for maximum 
separation of energy under any given set of 
constraints [34, 36, 37, 41]. 

The potential performance of the energy 
separator has been assessed in various areas 
of applications. In two studies [28, 39], an 
evaluation has been made of the performance of 
the energy separator in home and vehicular air 
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Fig. 14 - Effect of nozzle inclination on hot- 
side and cold-side dimensionless 
enthalpy increments for a baseline 
internal energy separator [33] . 

condit ioning , with various modes of energy 
recovery on the hot side. The main conclusion 
is that in such applications the coefficient 
of performance of the energy separator can be 
lower or higher - even very much higher - than 
that of conventional air cycle refrigerators , 
air conditioners, and heaters, depending on 
the extent to which the mechanical energy 
available in the hot output is recovered 
through a turbine or otherwise (e.g., through 
an absorption cycle or a Rankine power cycle) . 

Another assessment [40] has dealt with 
the limits of performance of the "basic" 
device, i.e., of the energy separator alone, 
without any of the machinery that may be 
required for the recovery of any portion of 
the available mechanical energy of the hot 
output. Three areas of application have been 
considered in this study: (1) as a heat pump; 

(2) in the concurrent heating and cooling of 
separate spaces, and (3) in the air-condition- 
ing and cooling of high-speed vehicles , where 
the boundary-layer temperature is too high to 
make it practicable to exchange heat with the 
external flow. The results have confirmed that 


the energy separator has very attractive per- 
formance capabilities in all three areas. In 
the latter application, there is an advantage 
in just dumping the hot output overboard, with 
or without utilization of its momentum for 
thrust, thereby eliminating the need for a 
heat exchanger. 

Cryptosteady - flow energy separation could 
probably be used to advantage also in truck 
and railroad car refrigeration, on-board- 
aircraft oxygen generating devices, and 
perhaps also in cryogenics, desalination, and 
the chemical process industry. 

The crypto steady - flow energy separator 
irives its potential merit primarily from 
\e fact that it permits the energy extracted 
rom the cooling subflow to appear in the 
other subflow not as heat but rather in the 
form of recoverable mechanical energy. 
Achievement of this potential will, of course, 
be contingent on the successful resolution 
of still outstanding problems of hot-output 
collection. There are, however, applications 
-- such as the above - mentioned air condition- 
ing and structural cooling of high-speed air- 
craft -- in which energy separation can provide 
important advantages over conventional systems, 
even in the absence of mechanical energy 
recovery . 
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ABSTRACT 

Previous analyses of fluid dynamic energy sepa- 
ration are extended to account for all pertinent vari- 
ables and asymmetries, with focus on the cryptosteady 
internal -separation modes. Results are presented in a 
way to facilitate the identification of the conditions 
for maximum separation of energy under any given set of 
constraints. 

NOTATION 

A total cross-sectional area of discharge nozzles 
on one side 

c fluid particle velocity relative to rotor 

C * c/u 


F 

F s 

F u 

h 

h° 

h* 

h. 

ds 

H 

AH 

c 


■ L ' r dc 

* frame of reference fixed to rotor 
= laboratory frame of reference 

■ specific static enthalpy 

= specific stagnation enthalpy in F y 

* specific stagnation enthalpy in 

* h d<Pd /p d )1 i rL 

= h°/Jsu2 

* < h ? - i*Sc>/*5 

- {h Sh - h|>/*S 

externally-applied torque 
(positive if a driving torque) 

mass flow rate 

prerotation momentum per unit mass 
static pressure 

reference pressure (normally ambient pressure) 
stagnation pressure in F 

u 

stagnation pressure in F 


Y-l 


p° * {p°/p„) x 7 L 


- (p/p 0 ) 

distance from rotor axis 
fluid particle velocity in 

* [2h*? (1 - 1q ] ** particle velocity on 
isentropic expansion from (h°, p?) to t p Q 
prerotation velocity (defined as M/r^) 

= u7u 0 

* wr 

* v/u 


ratio of specific heats 
* cos 9 (negative on "cold” side) 

h d ' h d 

n h ~ (nozzle efficiency) 

d ds 

e angle (v, c) 

“ ■ V'c 

p dens i ty 

T = r df/ r dc ( rad ^ us ratio) 

w angular velocity of rotor 

Subscripts 

c "cold” discharge side 

d rotor nozzle discharge 

h "hot" discharge side 

i energy separator input flow 


INTRODUCTION 

ho Th fr flU1 ^ ? ynamic energy separator (hereinafter 
V b . r6fe , rre 51m P ] y a * the "energy separator") is 
into Iwo ? h hf? dlV1des an originally homogeneous flow 
w ? f Ih WS ’ 1n ° nS ° f Which the avai lability is 
other d 3 ^ expense of the availability in the 

The energy separator can take a variety of forms 

back ?o’back y tu^i ° n iS in a " cases ‘ hat of tha 
back to-back turbine-compressor arrangement shown in 

and’th* T - d6 ? 0te the Mcold, ‘ (^-energized) 

and the hot ^energized) subflow, respectively. The 
two outputs may be used for the simultaneous cooling 

avai?!h : n L°t f h Se E a : ate Space5 > or the ^chanical energ 
a varipf 6 of thC h0t ° Utput may be recovered in any of 9 
a variety of ways; and there are applications in which 
energy separation can serve a useful purpose even when 
one of the two outputs is not utilized at all " 

fr^From^he perspective of the second law of thermo- 
dynamics, the energy separator derives its potential • 
Jjent from the fact that some if not all of the energy 

4ln! nof SUbfl0W aPP€arS 1n the Other SUb- 

flow not as heat but rather in its highest-qual ity 
form, as available mechanical energy. Because of this 

f!n^ r o’ 6ner9y * eparation can offer important advan- 
tages over competing mechanisms in a number of appli- 
ca cions . 

ratioI h U°?h y f kn f W ^ St » ady ' flow of energy sepa- 

ration is that of the vortex tube", first proposed and 
experimentally demonstrated by Ranque [l] 2 and^ater 
t^be ?J: C ? lly S est# J by Hils ^ h In the vortex 

tra !? sfer of energy from one subflow to the 

forces m 5 E 1aCe p r lmar,,y thr0U9h the work of viscous 
itv Thp J ; f d 3 considerable loss of availabil- 
The transfer can be effected more efficiently 
through the essentially nondissipative work of iJter- 
face pressure forces ("pressure exchange"), but this 
Iu?h fn S interaction be nonsteady, because for 

such forces to do work the interfaces must move. 

obvious way of generating the required non- 
■»rI« neSS ls . throu 9 h valve action, as is done in 

seolra^nrs ^ a "? £r ‘ fividers ' [4.5], which are energy 
L. operetmg on the basis of wave processes 
alvmg, however, generates throttling and other flow 

A case in point is that of the air conditioning and 
Mnh hHHi coo | ln 9 of high-speed aircraft, where the 
?' alr temperature makes it impracti- 

1 . e t0 tran ^ er heat t0 the surroundings through heat 
exchangers. The energy separator can dispose oAhe 

with o^withnu? y V U T" 9 the hot output overboard, 
f^ thrust ut,h2at, °" of this output's momentum 

2 

pNumbers in brackets designate References at end of 


losses, and the operation of these devices entails, in 
addi * ion , the usual limitations and control difficulties 
of . ve machines. 

- enal ties of this sort are for the most part ab- 
s in energy separators utilizing cryptosteady inter- 
a; ’ 1S > i-e., interactions which, while nonsteady in 
t! --. ranie of reference Fy in which they are utilized, 
admit a unique frame of reference F s in which they are 
steady [6,7], Dissipation, being an invariant with 
respect to changes of the frame of reference, is the 
same in F u as in F s . It follows that no dissipation 
is inherently involved fn the generation of pressure 
exchange in cryptosteady energy separation. .The chanae 
of frame of reference is most conveniently achieved in 
practice by rotating F s relative to F u : frame Fu is 

the laboratory frame of reference, and frame F s is fixed 
to a rotor into which the working fluid is fed under 
pressure and out of which it is discharged through per- 
ipheral nozzles [7 through 11]. Most studies of this 
process so far have dealt only with free-spinning ro- 
tors, driven by the resultant reaction of the issuing 
jets, but this is not a necessary constraint. Rotation 
of the rotor inevitably involves windage and bearing- 
friction losses, but these can be made small and oft^ 
negligible by appropriate design. 

Cryptosteady-flow energy separators may be clas- 
sified according to whether the separation of the two 
subflows from one another takes place outside or insid° 
the rotor (see Figs. 2 and 3). More detailed descrip- 
tions of the two-classes have been presented in pre- 
vious papers [7 through 12]. The potential merits of 
cryptosteady-flow energy separation have been assessed 
by Hashem in a comparison of steady and cryptosteady 
modes [8] and by Graham in a comprehensive study of all 
three modes (steady, nonsteady, and cryptosteady) [9], 
as well as in subsequent analyses [10,11, 12]. 

The present paper focuses on the i nternal -sepa- 
ration modes, but extends previous analyses of these 
modes to cover all pertinent variables, and it does so 
with a view to facilitating the identification of those 
arrangements that will optimize performance in any spe- 
cific application, under any given set of boundary con- 
ditions. 


ANALYSIS 

Figure 4 describes the analytical model that is to 
be considered here. The working fluid enters the 
energy separator at j_, and a portion of it is led to 
the "cold output" nozzles c, while the remainder is led 
to the "hot output" nozzles h. Stationary vanes or 
baffles impart prerotation to the subflows. As will be 
seen below, there are advantages to be gained from the 
combined effect of a positive prerotation on the cold 
side and a negative one on the hot side. In the 
arrangement of Fig. 4, this is accomplished by a single, 
helical baffle. The orientation <3 of the discharge noz- 
zles is positive on the hot side and negative on the 
cold side, so that the cold output exerts on the rotor 
a positive torque and the hot output a negative one; and 
the nozzles are so dimensioned ana arrangeo tnat the 
former overcomes the latter [7,10]. Thus, in flowing 
through the rotor, subflow c is de-energi 2 ed and sud- 
flow h is energized. 

The following analysis accounts for all pertinent 
variables and for possible asymmetries of their values 
on the two sides -- differences of nozzle area, orien- 
tation, and discharge radius, of nozzle efficiency, of 

prerotation velocity, and of discharge pressure -- and 
also for the effect of an externally applied torque. 

The following assumptions are made: 

1. The working fluid is an ideal gas with constant 
specific heats. 

2. The prerotation flows are irrotational . 

3. The two subflows are independently adiabatic 
within the energy separator. 

The angular momentum of tne prerotation flow, M, 
and the externally applied torque, L, are taken to be 
positive when in the direction of rotation of the rotor. 

The relation 


h. * ^ v d " 




( 1 ) 



In nondimens ional form, and remembering that 
^ > 0 and 5 C < 0, Eqs. (2} and (6) become 


C dc ■ *c C V dc' V dc- 2 U c> 


C dh * % [,V dc (TV dc- 2u h ) * H i ( '-^ 1 )’ 


(9) 


UL I l i OL C } O 

c dh l f hi +T V J h' ll/t,F/A i u o 

finally, Eqs. (7), (8), and (10) yield 


( 10 ) 


A h. >dc C dc H i +(,V dc* 2U h> TV dc' C dh 
r c " “ “dh C dh V'V^’V'dc 


( 11 ) 


If W TB l 4 l" P dc" P dh a1 - 0 and u c =u h =L " 0, Eqs - ' 9 >* 
(10), and (11) reduce to 


c d ■ v a + 1 


i he^e^ore , 


"h 

r : 


c d- v d 
c d + v d 


1 - M 

247 


02 ) 


1 - V A c 


2/OA 


(13) 


V"c 

Finally, Eq. (5) gives, for this condition, 

aH c = 1 - m 
AH h - (1 - j,)/u 

The same condition, but with |d| = 0.966 on both 
s'Ces (e=l 5°, 8c=165°) and without specification of tn 
va'.e of t, will be taken in the following as a base- 

I’^e. 


(K) 


RESULTS AND CONCLUSIONS 

Typical results of the analysis developed in the 
preceding section are presented in Figs. 5 through 12. 
Tre mass flow ratio u is normally specified in advance, 
being selected on the basis of the use that is to be 
rade of the two outputs. The measure of performance is 
td-en to be the drop of nondimens ional specific stag- 
rat’on enthalpy on the cold side, AH c =(h9-hS c l/ , iu2 / The 
stagnation enthalpy rise on the hot side] ;H h =(h^-h9)/ 
bu,g, is readily calculated as aHh=AH c /ii, except wneri 
ene'-jy is exchanged with the surroundings through the 
"Cr-' of an applied torque. The rotor speed is repre- 
sented by the ratio V, =v. /u . 

dc dc o 


applies to each subflow [10]. 

, ^ rom ^q* (1) and the definition of n» there 


c d = *n[ve 


"?«’ - F7>] 


( 2 ) 


= c d * *3 * 2c d v d i 


h d - h 5 5 ^< u a - c d> 


E‘r*. (1) through (4) yield, for each of the two 
stagnation enthalpy increments in F Uf 


• U‘V, 


(3) 

(4) 
o 

(5) 


and thei« two increments are related to one another and 
to the work of the externally applied torque through 
the enenjy equation 


( 6 ) 


Q n l Le other hand. 


(7) 


flows are discharged fully expanded to 
■ r rL ‘ : ’i ( '>cti ve back pressures p. and p , , 
ac r dh 


°dh _ p dh ^dc 
p dc p dc h dh 


The aru 4 
(7) , and 


p dc L h dh 



Mtlo Ah/A c can be calculated 

*'U. 


from Eqs . 


( 8 ) 

( 6 ), 


The discharge static enthalpies are both uniquely 
determined once the input stagnation state, the dis- 
charge static pressures, and the nozzle efficiencies are 
specified. The highest aH c is, therefore, obtained 
under the conditions which minimize u, . 

dc 

Unless otherwise indicated, the results presented 
here are independent of the pressure ratio p9/p Q . 

Figure 5 shows the effects of changes of the radius 
ratio t and of the mass flow ratio u on aH c , V dc , and 
Ah/Ac, for baseline configurations. To each value of x 
there corresponds an “optimum" value of u (one that 
maximizes AH C ), and to each value of u an optimum value 
of x, but (AH^max itself is relatively insensitive to 
such changes, and so is V c in the optimum condition. 
Departures from the baseline conditions will, of course, 
result in modifications of these results (see, e.g.. 

Fig. 11). 

Figures 6 through 12 show the effects of individual 
departures of certain variables from their baseline 
values. The mass flow ratio y is chosen to be 0.2 in 
all cases. 

Figure 6 reveals that, all else being equal, a 
change of nozzle efficiency on the cold side has a con- 
siderably larger effect on performance than an equal 
change on the hot side. For example, with a fixed 
% * 0.9, a decrease of from 0.9 to 0.7 causes 
UH c )max t0 decrease by over 30*, whereas a decrease of 
*nh from 0.9 to 0.7 with fixed at 0.9 has almost no 
discernible effect on (AH c ) max . The peripheral speed of 
the rotor is also more sensitive to changes of nozzle 
efficiency on the cold than on the hot side. (These 
effects are actually of opposite signs, V dc increasing or 
decreasing depending on whether n is increased on the 
cold or on the hot side. Changes of the pressure ratio 
p9/p c have no effect on either aH c or V dc but do modify 
the required area ratio Ah/A c . 

As already noted, some benefit can be derived from 
dual prerotation (positive on the cold side and negative 
on the hot side). This can be seen in Fig. 7. Again, 
the dominant effect is produced by changes on the cold 
side. The negative prerotation on the hot side has a 
very weak effect on performance (and not always a bene- 
ficial one at that), but it Is useful nevertheless in 
that it has a moderating effect on the rotor speed for 
any given Ail c . 

If the discharge pressures p dc and p dh are equal 
and their common value is taken as the reference pres T 
sure p 0 , changes of the input pressure ratio P?/P 0 . all 
else being the same, have no effect on the nondimen- 
sional quantities &H C , V dc , and Ah/A c . On the other 
hand, the effect of asymmetries in the back pressures 
is strongly dependent on the input pressure ratio. 

Figs. 8 and 9 show such effects for p9/p 0 * 1.136 and 
P p /P 0 = 2.0, respectively. Changes the cold side 
have, here too, a far larger effect on performance than 
comparable changes on the hot side. It will be noted 
that the largest aH c is obtained in all cases with a 
radius ratio t lower than 1.0, but a t somewhat larger 
than this optimum makes possible an important reduction 
in rotor speed at an insignificant sacrifice of perfor- 
mance. 

The effect of changes of the input pressure ratio 
when the discharge pressures are unequal is further 
illustrated in Fig. 10 for the case of an energy 
separator with fixed and strongly asymmetrical back 
pressures Ph = 1.1 (i.e., pdh/P 0 * 1.396) and P c = 0.5 

(i.e., Pdc/Po = 0.088). 

Whereas Fig. 5 compares the merits of different 
values of i ano u for a fixed joj=0.SS6, Fiq. 11 compares 
the merits of different* values of x and |a[ for a fixed 
mass flow ratio (a pain u=0.2). Curves are plotted for 
| 6 j = 1 . 0 (e h =0°, $ c =180°) , : 5 j =0.966 (a h =15°, 9 C = 165°) , 

| 6 i =0.866 ( 0h=30°, 9 C =150°), and jsj=0.707 (0h =4 5°, 

6 C = 1 35° ) . As could be expected, |.s| =1.0 produces the 
best performance , but also the highest rotor speed. It 
will also be noted that to each nozzle inclination there 
corresponds an optimum value of t. 

Finally, the effect of bearing friction is shown 
in Fig. 12 as an illustration of the effect of an exter- 
nal ly-appl ied torque. The resisting torque due to 
axial and radial loads is assumed to be negligible, and 
the lube torque is assumed for simplicity to be linear- 
ly proportional to the angular velocity, L = -K^. Then, 
F/rfi-j u 0 = -KVdc/*i r^ c . In the example considered here, 
the rotor shaft was supported by two Barden 101 H pre- 
cision bearings, and it was found that over a selected 
range of rotor speeds the value of K could, in fair 
approximation, be taken to be 2.17 x 10~ 5 N-m-s or 
kg-m 2 /s (5.12 x 10 14 lbm-ft^/s). Two cases are con- 
sidered- (1) rtj = 1.1325 kg/s (2.5 lbm/s), r dg = 0.3048m 
(1.0 ft); and (2) ih i = 0.0907 kg/s (0.2 lbm/s), r dc = 

0. 0762m (0.25 ft). Curves 1 and 2 in Fig. 12 refer to 
cases 1 and 2, respectively. The results for case 1 
are indistinguishable from those calculated for 1=0, 

1. e., in the absence of bearing friction. On the other 
hand, the results for case 2 show that the adverse 
effect of bearing friction can be quite significant, 
particularly on the hot-output side, for small models 
and/or at low mass flow rates. 

It should, of course, be remembered that the infor- 
mation provided by Figs. 5 through 12 applies in each 
case only to the effects of changes of individual para- 
meters, and cannot be used, therefore, in any but qual- 
itative estimates of the effects of concurrent changes 
of various parameters. The charts of Figs. 5 through 
12 are presented here primarily to shew trends and to 
illustrate the manner in which the analysis developed 
in the preceding section can be applied toward the 
evaluation of the attainable performance under specified 
constraints, and in the determination of the design and 
operational variables that will best meet any given set 
of specifications. 
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FIG. 2 Schematic of external separation 



FIG. 3 Schematic of internal separation 
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Cryptosteady-Flow Energy Separation 

Th£ mechanism of cryptosteady-flow energy separation is described and analyzed in 
its most general form , with full consideration of the effects of bearing friction or other 
rotor torque, and of such asymmetries as unequal discharge pressures, peripheral 
velocities, flow losses, preroialion velocities, and discharge angles. Equations are also 
developed for the proportioning of rotor nozzles in accordance with performance 
specifications. . 


Introduction 

Cryptosteadt energy separation is a process 
whereby the total head or total specific enthalpy of a portion of 
a flow is increased at the expanse of the correspond! n^quanfiVies 
in the remainder of the sap flow, through direct and essentially 
nondissjpaUve exchange' energy. 

It is known that rev- 'e transfers of mechanical energy in 


•Note that thi* definition differ* from thoee need in previous paper* cm this 
subject. 
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flow systems are possible only where the interacting flows are 
nonsteacly [1].* Indeed, in the only known steady-flow mecha- 
nism of redistribution of energy within an initially homogeneous 
Bow— that of the Itanque-Hilsch tube [2, 3] — the transfer of 
energy is effected, rather inefficiently, through the action of 
viscous stresses. On the other hand, considerably better per- 
formance has been shown to be possible when the energy transfer 
is effected by “pressure exchange,” i.e., through the work, of 
interface pressure forcesY'and pressure exchange is always a 
nonsteady process, because no work is done by pressure forces 
acting on a stationary interface. 

In an effort to improve energy separator performance through 


’Number* in bracket* designate Reference* tt end of paper. 


■Nomenclature* 


c ■= fluid particle velocity in F, 

F, = frame of reference in which the 
flow is steady 

F . =“ frame of reference in which the 
energy separation is utilized 
h = specific static enthalpy 
A® - specific stagnation enthalpy in F » 
h* - specific stagnation enthalpy in F. 

Ij = externally applied rotor torque 
(positive if driving torque) 
m = mass flow rate 

M = angular momentum (per unit mass) 
of input flow 
p = static pressure 
p® ■= stagnation pressure in F* 
r = distance from rotor axis 
u = fluid particle velocity in F* 
u' = "prerotation" velocity (defined as 
Mf r„) 

V = velocity of F, relative to F „ 

V - air 


a — rario of total nozzle exit area on li e 
side to total nozzle exit area on a i 
side o 

— inclination of nozzle axis to normal 
to V in external-separation de- 
vices (see Fig. 2) 

7 = ratio of specific heats 
6 = cos d (negative on o side) 
tj = (A* — A*)/(A* — A*) (nozzle ef- 
ficiency) 1 
8 ~ angle (V, c) 

k = m,(A,® — A«°)/m,tV (cooling capaci- 
ty coefficient) 

A * pv*/p,* 

p = rfi */m« (mass flow ratio) 
y = m, /thi (cold fraction) 
p - density 

cj = angular velocity of the rotor 
Subscripts 

a = flow discharged with b <0 
b = flow discharged with 5 > 0 
d = rotor nozzle discharge 


* rotor nozzle entrance 
- energy separator input flow 
« conditions resulting from isentropic 
discharge from pi* to p*. For ex- 
ample, 

* 2Ai® £ 1 - Wpi*) y J 

Superscripts 

* = stagnation quantities in F % 

• = stagnation quantities in F, 

Assumptions 

1 The fluid, when compressible, is as- 
sumed to be a calorically perfect gas. 

2 In external-separation configurations, 
the radial distance between rotor and 
stator is small compared to the rotor 
radius. 

3 Heat exchanges with the surroundings, 
in the energy separator, are negligible. 

4 Prerotation velocities are everywhere 
parallel to V. 



the utilization of pressure exchange, some attention has been 
given during the last decade to devices called “dividers,” which 
operate on the basis of wave processes j4, 5|. There is reason to 
believe, however, that the development of practical and ef- 
ficient dividers would be very difficult, because of the sensi- 
tivity of these devices to such factors as imperfect timing of 
moving mechanical parts to wave and flow processes, diffusion of 
interfaces, noninstantaneous opening and closing of valves, dis- 
tortion of shock fronts, etc., not to mention the usual analytical 
complexities of nonsteady-flow processes. 

This paper deals with a nonsteady- flow method of energy 
separation in which the difficulties just mentioned are overcome 
through the utilization of "cryptosteady” pressure exchange — a 


cryptosteady process being defined as one that is nonsteady but 
admits a frame of reference in which it is steady. The special 
merit of cryptosteady processes is that they can be generated, 
controlled, and analyzed as steady-flow processes in this unique 
frame of reference, while retaining all the potential advantages 
of nonsteady flows in the frame of reference in which they are 
^Utilized. 

A simple interaction of this type is shown in Fig. 1. Here two 
flows deflect each other to a common orientation in a frame of 
reference F , in which they are both steady. Apart from trans- 
port processes, no energy is exchanged between the two flows in 
thi3 frame of reference. A transfer of energy does, however, take 
place — by pressure exchange — in the frame of reference F of an 
observer 0 moving at an arbitrary velocity V relative to F„ 
The energy so transferred is equal to the work done by the pres- 
sure forces which the interacting flows exert on one another at 
their interface. This work is zero in F., where the interface is 
stationary, but not in F, where the interface moves. Since 
changes of the frame of observation are reversible, these energy 
exchanges are essentially nondissipative. Note that, because of 
the existence of a frame of observation in which the flow is 
steady (frame F,), the flow in F is cryptosteady. Analyses of 
cryptosteady interactions and discussions of some of their ap- 
plications have been presented in previous papers [6, 7, 8 ( 9, 
10]. 

The operation of the cryptosteady energy separator may be 
explained in a similar manner [11], through consideration of a 
simple two-dimensional situation, such as that shown in Fig. 2. 
Here a plane and initially homogeneous stream * is seen issuing 
from a nozzle as a jet impinging on a wall W. The flow field is 
stationary in a frame of reference F„ which is the coordinate 
system fixed to the nozzle. Body forces are assumed to be absent, 
and viscous stresses and heat exchanges with the surroundings 
are assumed to he negligible. 

The impingement causes the jet to divide into two separate 
streams a and b, interfacing with one (mother at the stagna- 
lion stream surface s. For example, if the discharge pressure is 
the same on the two sides, the ratio of the mass flow rates in the 
two streams is p =- (1 — sin j3)/(l + sin (3). 

The specific stagnation enthalpy (or the total head, if the 
fluid is incompressible) is, in frame F„ the same in the deflected 
flows as in the original stream. This, however, is not true in any 


other frame of reference. In particular, letting « and u denote 
fluid particle velocities relative to F, and to the frame of ref- 
erence F u of an observer moving relative to F, at an arbitrary 
velocity V relative to the wall, respectively, one has u « c + 
V, hence 

\ («** - «•’> - \ W - c. 1 ) + (c* - C.)-V 

So long as V ^ 0, the term (c* - c.).V never vanishes, 
because c* and c, have different orientations. Therefore, - (u*> 

— tz, 1 ) p* — (cj — cj), and since the thermodynamic states are 

invariant with respect to changes of the frame of reference, there 
follows 

V - A*° * A** - A.* 

Thus if A** -m A.*, A*® M A.°. Since the original stream i is 
seen as & homogeneous stream in every coordinate system, it 
must be concluded that energy is transferred, in F from one 
portion to the other of this stream, as these two portions are de- 
flected to different orientations. This fact can also be explained 
on the basis of the observation that in frame F. the interface s 
,is moving and the interface pressure forces are therefore doing 
, work. The energy that is transferred from a to A Is, of course, 
the work done by a on 6 in this pressure exchange interaction. 

As pointed out in references (11] and [12], a situation ap- 
proximating that of Fig. 2 may be obtained, with a stream of 
finite transverse dimensions, through lateral confinement of the 
deflection region by means of end plates or vanes. These vanes 
must be shaped to lead the deflected Sows into separate spaces. 
As a consequence, the flow can be strictly cryptosteady only if 
the confining vanes are stationary in F.. 

The motion of F, relative to F„ is most simply maintained by 



Flp. 2 Schematic ot cryptosUady anargy separation 




the reaction of the issuing jet itself. In the situation of Fig. 2, 
the source may be a nozzle which is constrained to move in a 
direction parallel to the wall W. A more practical arrangement 
is that of Fig. 3, where jets issuing from slanted nozzles or slots 
on the surface of a free-spinning rotor impinge on the internal 
surface of an enshrouding wall. This arrangement approximates 
that of Fig. 2, so long as the radial depth of the annular impinge- 
ment-deflection space is small compared to its mean radius. 

In contrast to the “external separation" configuration of Fig. 
3 (where the separation of the two flows takes place outside the 
rotor), Fig. 4 shows an “internal separation” arrangement. 
Here the separation of the two flows takes place inside the rotor. 
The two flows are discharged through separate nozzles, of which 
only two are shown. A schematic view of another internal- 
separation arrangement, defining some of the nomenclature used 
in this paper, is shown in Fig. 5. In either case, say for sim- 
plicity that bearing friction is negligible, the discharge pressure 
is uniform, the nozzle inclinations to the rotor surface are equal 
and opposite, and the internal flow losses are the same for both 
flows. Then, if the nozzle areas are unequal, the rotor will rotate 



in 3 - cS + F 1 + 2cjV5 


(S) 


*t the angular velocity which is required for the conservation o/ 
the total angular momentum of the Bow in the laboratory frame 
of reference (frame F»), thus producing the required motion of 
F, relative to F.. 

Several variations of those arrangements are described in ref- 
erence {12). 

Cryptosteady energy separation was first proposed and ana- 
lyzed in reference (I1J, which also contains an account of some of 
the experiments in which the validity of the concept was first 
tested and confirmed. 

The analysis of reference (Hj accounts for most of the per- 
tinent parameters, including rotor torque and flow losses, but 
covers only situations in which the peripheral velocity, the dis- 
ch&rge pressure, and the entropy rise are the same on the 6 as 
on the a side, the inclinations of the discharge velocities on the 
two sides are equal and opposite, and prerotation of the input 
Bow is absent. The effects of departures from such symmetries 
have received relatively little attention until recently, except 
for a study by Hashem [13] on the effect of prerotation and for 
a series oE performance analyses of internal-separation devices, 
in which the effects of prerotation (assumed to be uniform 
throughout the input flow) and of differences of nozzle inclina- 
tion, peripheral velocity, and discharge pressure on the two sides 
have been individually examined by this writer. 

A more comprehensive study of the subject has recently been 
completed by Graham (14), as part of a comparative analysis of 
the three classes of energy separation techniques — steady, non- 
steady, and cryptosteady. In dealing with the latter technique, 
the Graham paper analyzes in detail the effect of unequal pres- 
sures on the behavior of the emerging jet in external-separation 
devii^es and also examines two output flow collection effects 
which are critical with these devices. Viscous reattachment of 
the deflected jets to the collector walls is found to be potentially 
beneficial, whereas Bow pulsations — i.e., departures from 
eryptoateadiness— in the collection process, resulting from the 
use of confining vanes stationary in F„ t are found to be detri-^ 
mental. The latter determination is of particular importance, in 
lliiii it provides, for the first time, a firm rationale for focusing 
attention on those devices of this class in which the flow is truly 
cryptosteady. 

F jt such devices, whether they be of the internal or of the 
txternai-sep&ration variety, the Graham analysis develops 
“core performance” equations in which the most important de- 
sign and operational parameters appear simultaneously, with 
full account of their nonlinear interactions. However, these 
equations require iterative solution in most cases, and their use 
i* again limited in practice, because of their great complexity, 
to the individual evaluation of the separate effects of prerotation 
tag", r: assumed to be uniform), rotor torque, and unequal back 
pressures, nozzle efficiencies, and exit flow orientations. 

The present analysis approaches ihe same problem, for strictly 
crypt. '-sready situations, by a different route, which leads to 
simple, closed-form solutions in all cases. The analysis accounts 
fo- *11 design and operational parameters so far identified, as 
well « for their conceivable asymmetries (including unequal 
prero various) and nonlinear interactions. Equations are also 
developed for the design of cryptosteady-flow energy separators 
in accordance with any given set of feasible performance speci- 
fications. 


Generalized Performance Analysis 

The following equations apply to both flows a and b: 


A,* * A,* - - 
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Equation (3) is plotted, for 7 ** 1-40, in Fig. 6. 
From equations (1) and (2) there follows 

= q(F’ - 2u'V + u. 1 ) 

equation (4) is plotted in Fig. 7. 

Also, 
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and, by definition, 


A 4* “ fc-4* 


“ W - rj) 
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Equations (1), (4), (5), and (6) yield 


V - Av« 

VS 


1+S ' / ’[(^)' 



u' 

V~d 

(7) 


The use of V as an independent variable is analytically con- 
venient (as shown by the foregoing development) and is justified 
by the special constraints to which the selection of this param- 
eter is subjected in practice (constraints of rotor size and struc- 
tural strength, of bearing characteristics, etc.). 

Equation (7) applies independent}/ to each of the two out- 
puts. It covers, therefore, such asymmetries as unequal periph- 
eral velocities, discharge pressures, flow lasses, prerotation 
velocities, and discharge angles. Rotor torque is implicitly ac- 
counted for through the mass Sow ratio, as will be seen later. 


whether this scale is used in conjunction with the a or b portion of 
the chan. StV’ 7*1. the tw 0 stagnation enthalpy in- 

crements must be obtained separately, each from the appropriate 
chart. 

Figs. Q through 8 can be used, of course, also in the solution 
of the reverse problems resulting from interchanges of dependent 
and independent variables (e.g., in the determination of the rotor 
speed and input and discharge pressures that are required to 
produce a specified cooling capacity coefficient). Furthermore, 
visual inspection of these charts readily uncovers a good deal of 
useful information on the individual merits and relative im- 
portance of changes of various parameters in relation to their 
separate or combined effects on performance. Thus, for example, 


FI*, t 




The mass flow ratio is related to the specific enthalpy incre- 
ments through the energy- equation 

+ m*h 4 = rh;A, # + Lu 

whence 






A* 0 - A,® — 
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The “cold fraction" is 

1 

v — 

1 + H 


(») 


And the “cooling capacity coefficient" is, by definition, 

x * *(M - hf)/VS (10) 

Equation (7) is plotted, for 7 » 1.40, and for four different 
values of jiv'ifl. in Figs. 8(a) through 8(d). In each chart, the 
lower portion (for Svh? < 0) provides the solution for the a 
aide, arid the upper portion for the b side. The notation u'/V 
on the abscissa scale stands for u'./K*, or u\/V^, depending on 




Fig. 1(6) Energy separator performance with 4 V *1 - 0.J 





Fig. Kc) Energy saparator p«rform«nc* with 1l Vnl *•0.1 



Fig. I<c0 Energy separator performance with li V *1 -0.7 


the charts confirm the existence of an optimum positive pro- 
rotation on the a side when the pressure ratio on that side is 
low; they reveal that opposite prerotations — positive on the a 
side and negative on the b side — can be remarkably beneficial 
from the standpoint of cooling capacity for any given rotor 
speed; and they provide a tool for the quick selection of the op- 
erational parameters that will best combine to produce any de- 
sired result. 

The equations developed previously apply, of course, to both 
internal and external-separation devices. Thus, once a satis- 
factory solution has been identified, the determination of the 
combination of operational parameters (rotor speed, mass flow 
ratio, etc.) that will produce this solution is the same for both 
subgroups. The same cannot be said, however, of the manner 
in which the selected combination can be implemented. In the 
first place, in internal-separation devices the controlling design 
parameter is the nozzle area ratio a, whereas in external sep- 
aration devices it is the impingement angle 0. In the second 
place, the effect of unequal discharge pressures on rotor speed 
and mass flow ratio is markedly different in the two subgroups 
(14{. Finally, impingement wall boundary layer effects on per- 
formance, absent in internal separation, are believed to be 
potentially significant in external separation, although very 
little is yet known about them. The latter point is particularly 
important, in that it points to residual uncertainties that still 
make the correlation of design to performance a good deal less 
reliable with external than with internal separation. For this 
reason, only the internal-separation version will be considered 
in the following analysis of the controlling parameters. 

Two cases will be discussed: 

(а) the case in which the rotor nozzle flows are fully ex- 
panded on both the o and the b side, and 

(б) the case in which the rotor nozzles are under-expanded 
and both flows are sonic at the nozzle exits. 

C*«« (»). If the nozzle flows are fully expanded to prescribed 
pressures p*. and p*, the velocities c*. and e** can be obtained 
from equation (4) or from Fig. 7. 

From the equation of state, 


Equations (1) and (15) yield, for y - 1.40, 

X. / 2A,® + ~ 2u\V. V 


and, from the definition of fi, 


Finally, equations (1), (11), and (12) yield 


P** / hA* \ r 


Now, on each side, 


iide, p/ - Xp,* - Xp.* ^ — y* . 


X* V 2 A,® + IV - 2u\v, 


where, as before, p is obtained from equation (8) and accounts 

for Ij. 


Symmetrical Cases 

For those cases in which = — 5., = jj, (or X* = X.) 

u* = u. a , Vk - V m - V, u*' = u' a = 0, and L = 0, equations 
(8) through (10), and (13), or (16), yield 

A*« - A/ = A; 0 - A a ° + 2K» (17) 


(A. 0 - A. 0 ) = /i (A** - A.») 


A,® - A,* = — V* 

1 - p 


cj. p^, 2A,* -f- IV “ 2u\Fk 


p is calculated from equation i8), and it is through this parameter 
that rotor torque is accounted for. 

C«*« (b). Since both flows are sonic, the mass flow ratio is 
U5] 
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THERMODYNAMICS AND FLUID MECHANICS GROUP 


AN INTRODUCTION TO THE DYNAMIC PRESSURE 

EXCHANGER 

By P. H. Azoury, B.Sc., Ph.D.* 


The historical background and operational principle of the Dynamic Pressure Exchanger (DPE) are outlined. 
The basic aerodynamic processes of cell-emptying and cell-filling are analysed by the ‘method of characteristics* 
for air and for no temperature discontinuities in the unsteady flow pattern. The results of the analysis are then 
used to generalize performance qualitatively for overall pressure ratios up to the sonic threshold. It is shown 
that, for pressure wave effects to be fully utilized, a DPE rotor should run such that S is of the order of or less 
than 0-5, where 8 is the ratio of the time taken to open or close a cell to the time taken for a sound wave to 
travel a cell length at the thermodynamic stagnation state of the primary or secondary fluid. In the case where 
the thermodynamic properties of the fluids vary considerably, it is suggested that 5 be referred to the gas which 
yields the highest sonic speed. In general, the extent to which the performance is affected by a change in 3, 
within the range 0 < S < 0-5, is inappreciable. It is also shown that the use of a transfer passage may be 
expected to yield a significant improvement in performance and an increased range in overall pressure ratio. 

A number of applications are described and some recent developments are reviewed. It is also indicated that 
the main sources of loss can be incorporated within the method of characteristics used in the prediction of 

performance. 


INTRODUCTION 

Pressure exchange aims at providing means for the direct 
exchange of energy between flows which are initially at 
two different pressure levels; one fluid (the primary fluid) 
expands exerting its pressure forces to compress another 
fluid (the secondary fluid). The pressure limits of com- 
pression and expansion need not be equal. The fluids are in 
direct contact, there is no intermediary mechanical means 
such as pistons, compressors or turbines to accomplish the 
energy transfer. 

Direct energy exchange can be effected by means of 
three known processes: (i) steady-flow transfer by mixing. 
To this mode, relevant to compressible or incompressible 
fluids, belongs the earliest type of pressure exchanger 
introduced by Knauff (i)f in 1906, called 'semi-static’ 
pressure exchanger because its pressure characteristics are 
almost entirely independent of its speed of action; (ii) un- 

J'he A IS. of this paper was first received at the Institution on 16th 
February 1965 and in its revised form y as accepted by the Council 
for publication , on 15th June 1965. 

* Associate Professor of Alechanical Engineerings American Univer- 
sity of Beirut 3 Lebanon. 
t References are given in Appendix 11. 


steady-flow transfer by means of pressure wave processes. 
This type of transfer, applied exclusively to compressible 
fluid flows, was first recognized in 1928 by Burghard ( 2 ). 
In this case, moving compression and rarefaction waves 
are utilized, effecting a more efficient transmission of 
energy than in (i) and considerably reducing mixing be- 
tween primary and secondary fluids. Pressure exchangers 
that employ unsteady flow are known as 'dynamic’ pres- 
sure exchangers; their pressure characteristics depend 
essentially on the rate of action of the device; (iii) 'crypto- 
steady-flow’ transfer by means of moving pressure fields 
that are generated by the collision of two compressible or 
incompressible fluid flows. This type of transfer differs 
from type (ii) in that it does not require that the inter- 
acting flows be unsteady in all frames of reference. This 
method of energy exchange, first reported by Foa ( 3 ) ( 4 ) 
in 1955, is receiving increased attention (s).<^ 

This paper is relevant to only one type of pressure ex- 
changer, the Dynamic Pressure Exchanger (DPE). How- 
ever, the Semi-Static Pressure Exchanger (SSPE) also is 
described since it possesses some of the basic concepts of 
the DPE. 



ROTOR 



In its usual form, employing type (i) or (ii) of energy 
exchange, the pressure exchanger consists of a cylindrical 
rotor with a plurality of straight axial cells arranged uni- 
formly around its periphery. Fig. 1. The rotor rotates be- 
tween two stators each of which has two ports to accom- 
modate the two fluids. 

Notation 

a Speed of sound. 

c ‘No transfer passage’ constant. 

c ‘One transfer passage’ constant. 

c P Specific heat at constant pressure. 

c v . Specific heat at constant volume. 

D Rotor diameter at mean radial cell height. 
d Cell width at mean radial cell height. 
h Radial cell height. 

k Constant. 

1 Cell length. 

M Mach number in a cell end referred to isentropic 
static conditions in the port communicating with 
the cell. 

M* Axial component of Mach number. 
m Mass flow rate. 

N Rotor speed, rev/min. 

p Stagnation pressure. 

p* Static pressure. 

R Gas constant. 

T Absolute stagnation temperature. 

t Time. 

u Circumferential velocity of rotor at mean radial cell 
height. 

V Volumetric flow rate. 

.t Space co-ordinate measured along flow. 
y Ratio of specific heats c p jc v . 

8 Dimensionless cell width adjlu. 

7j p Isentropic product efficiency = isentropic com- 

pression efficiency X isentropic expansion effici- 
ency. 

fj. Dimensionless net bulk input 

r Dimensionless time atjl . 

f Dimensionless length xjl. 

Subscripts 

1 Condition in a cell after low-pressure scavenge. 

T Condition in a cell before high-pressure scavenge 
for a DPE with one transfer passage. 

2 Condition in a cell after high-pressure scavenge. 

3 Condition in a transfer passage. 


4 Condition in a cell before low-pressure scavenge for 

a DPE with one transfer passage, 
b Bleed. 

H High-pressure port or high-pressure region of ceils. 
L Low-pressure port or low-pressure region of cells. 

M Medium pressure port, 
opt Optimum, 

sw Swept. 

Figure notation 

H High-pressure fluid. 

HP High-pressure primary fluid. 

HS High-pressure secondary fluid. 

L Low-pressure fluid. 

LP Low-pressure primary fluid. 

LS Low-pressure secondary fluid. 

M Medium-pressure fluid. 

> Direction of fluid flow. 

^ — > Direction of travel of cells. 

SEMI-STATIC PRESSURE EXCHANGER 
A diagrammatic representation of the SSPE for a refriger- 
ating unit, first proposed in a 1928 patent by Lebre (6), is 
used to indicate the operational principle of semi-static 
pressure exchange, Fig. 2. 

The cells of the unit are shown folded out. Consider 
the cycle of events that occurs in any one cell. A cell leav- 
ing the low-pressure ports, which handle fluids LS and 
LP, contains secondary gas LS to be compressed. As the 
cell approaches the high-pressure port section, the cell 
gas undergoes a series of partial compressions by virtue of 
the expansion of the primary gas leaving that port section. 
A set of transfer passages is used to establish communica- 
tion between primary and secondary fluid. High-pressure 
primary gas HP is now admitted into the cell and scavenges 
the secondary gas HS that has been compressed. The pri- 
mary fluid now filling the cell undergoes a series of partial 
expansions (which serve to compress the secondary fluid) 
before it is discharged as cold gas LP, scavenged by LS. 
The cycle is repeated when the cell is completely filled 
with fluid LS. Make-up gas is used to compensate for the 
deficiency of volumetric flow rate of HS due to irreversi- 
bilities and to the temperature drop in the cooler. Fans are 
included in the flow circuit to aid in the scavenge opera- 
tions. 

The first commercial use of the SSPE became known in 
1943 through the Swiss company of Brown Boveri (7). 
The application was that of a heat pump, for drying pur- 



DIRECTION OF 
CELL ROTATION 



Fig. 2. Diagrammatic representation of Lebre 
refrigerating SSPE showing cells folded out 


poses in a paper mill, based on rhe patents of Lebre (6) 
(8). In a more recent invention due to Poggi (9), an 
arrangement comprising two rotors in contra-rotation is 
suggested, the rotor cells being disposed radially as in the 
impeller of a centrifugal compressor. This feature is in- 
tended to facilitate the separation in the cells of the ex- 
panding primary fluid from the secondary fluid under 
compression, normally of different density. 

DYNAMIC PRESSURE EXCHANGER 
In a DPE, the basic ideas in the SSPE are still employed 
but the expansion and compression processes take place 
by means of pressure wave effects. These are of an un- 
steady flow nature. 

Basic aerodynamic processes 

In any DPE application, the aerodynamic processes in the 
rotor cells can be conceived as consisting, fundamentally, 
of cell-emptying and/or cell-filling. 

The cell-emptying process 

If a cell, containing a gas at a pressure higher than that of 
the surrounding atmosphere, is suddenly opened, a rare- 
faction wave is propagated into the cell, impelling gas out 
of the cell. In the simplified ‘wave diagram’ (i.e. plot 
representing the propagation of waves in space and time) 
of Fig. 3, the rarefaction wave is shown as a broken line; 


the actual Tanning out’ of the wave, from the moment the 
cell opens to the port, is shown in the wave diagram of 
Fig. 4a. In the cell-emptying process as best utilized in the 
DPE, the outlet port should be made as wide as possible, 
consistent with the avoidance of flow reversal in the port, 
and the maintenance of an adequately high outflow gas 
velocity during cell closing to prevent boundary-layer 
separation along the trailing edge of the port during the 
diffusion process. The residual cell stagnation pressure p L 
is then at an optimum with respect to the port stagnation 
pressure p Mi with p L always below p M . The degree to which 
p u fails below p u is a measure of the cell-emptying per- 
formance. 

Wave diagrams were drawn according to the ‘method of 
characteristics’ (io)-(i4) for various values of initial pres- 
sure ratio pifpyi and ‘dimensionless cell width’ 8 = 0, 0*5, 
1*0, L5, for air (y = 1-4), zero cell wall thickness, no 
leakage, and no friction. In the computation of p M , the 
diffusion efficiency in the outlet port was taken as 100 per 
cent. 8 accounts for the cell-opening/closing time and is 
defined as the ratio of the time taken to open or close a cell 
to the time taken for a sound wave to travel a cell length at 
the thermodynamic stagnation state of the gas in the port. 
The port was made as wide as possible such that the aver- 
age flow Mach number in it did not fall below the steady- 
flow Mach number when the cell was fully open. For the 
wave diagram shown in Fig. 4 a, 8 = 0*5, PhIPm. = T79 
and (pJp M ) 0P t = 0*50. 

Fig. 5 shows a plot of p H /p M against (Pl/Pm) op u with the 
‘sonic threshold’ line indicated corresponding to p H /p M = 
1-893 for which the outflow velocity in the port is sonic 
when the cell is fully open. The plot shows that, over a 
wide range of initial pressure ratio, performance is more 
favourable with a finite than with an infinitely small cell- 
opening/closing time. This feature was first reported by 
Spalding (13). It is explained by the fact that, in the for- 
mer case, advantage can be taken of the width of the pres- 
sure wave fan returning to the open end in cell-closing 
(Fig. 4a). It is found that the mean flow rate during the 
cell-opening/closing periods, when the cell is on the aver- 
age only half-open, can exceed half that during the steady- 
flow condition when the cell is fully open. For an infinitely 
small cell-opening/closing time, however, the cell must 
be fully closed before the outflow velocity is reduced to 
that below the steady-flow value. A mean optimum value 
for S lies at about 0*5. 

If cell-emptying takes place with no diffusion, the static 
pressure at the open cell end, p* M , then equals the pressure 
of the surrounding atmosphere. In that case, the sole 
criterion of optimum port width is the avoidance of flow 
reversal. The resulting performance is represented by the 
curves of Fig. 6, the ‘sonic threshold’ line indicated corre- 
sponding to PuIP*m = 3*583. 

In a SSPE, the cell-opening/closing operations take 
place relatively slowly, wave effects are slight, so that 
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The cell-filling process 

If a cell, containing a gas at a pressure lower than that 
of the surrounding atmosphere, is suddenly opened, a 
compression wave is propagated into the cell at supersonic 
speed, ahead of the interface separating port from cell 
gas. In the simplified wave diagram in Fig. 3, the cell- 
opening/closing time is infinitely small so that the com- 
pression wave is established instantly as a shock wave. 
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ONE CELL-EMPTYING PROCESS 
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The actual coalescing of the compression wavelets into a 
shock wave, due to a finite cell-opening/closing time, ^ 
illustrated in Fig. 4 b. In the cell-filling process as utilized 
in the DPE, the inlet port is normally made so wide that 

the cell is fully closed at the instant the shock wave, re- 
flected from the closed end, reaches the open end. (A 
wider port would allow the shock wave to be reflected at 
the open end and initiate cell-emptying.) Under this con- 
dition, consistent with the avoidance of flow reversal, the 
maximum amount of port gas is trapped in the cell, there- 
by compressing the initial cell gas to an optimum pres- 
sure. The residual cell stagnation pressure p H is then 
always higher than the port stagnation pressure p M , the 
degree by which p n exceeds p M being a measure of the cell- 
filling performance. In a SSPE utilizing no pressure wave 
effects, both pressure are equal. 

Wave diagrams ere drawn for various values of 
Pm/Pl 3 § = 0, 0’5, 1 1*5, for a cell initially filled with air 

(y = 1-4) that is isotropically expanded from the port 
stagnation state; under this condition and neglecting 
entropy gradients, the fluids on either side of the demarca- 
tion line separating port air from initial cell air, have equal 
temperatures, and waves encountering the demarcation 


! < 

4"" 


r 
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Fig . 3. The fundamental wave processes simplified 


.y 




I 






O 0-5 I O 0-5 O 

M W 



J o 0-4 


a CELL EMPTYING 


CELL FILLING 


OB cell opening begins. 
OE cell opening ends. 
CB cell closing begins. 
CE cell closing ends. 


HIGH PRESSURE SCAVENGE 

— rarefaction line. 

compression line. 

interface. 


LOW PRESSURE CCaVEnCE 


Fig . 4, Wave diagrams of the basic DPE aerodynamic processes 



line are wholly transmitted. Isentropic inflow, no leakage 
and no friction are also assumed. The port in each case 
was made as wide as possible, consistent with the avoid- 
ance of flow reversal. For the wave diagram shown in Fig. 
4 b y 8 = 0*5, p M /p L = 2-45 and (p H /p M )opt = 1*60. Fig. 7 
shows a plot of Pm/Pl against (PhIPm)opi f° r the various 
values of 8, with the ‘sonic threshold’ line indicated corre- 
sponding to Pm/Pl = 9-017 for which the inflow velocity 
through the fully open cell is sonic. It is seen that the 
effect of finite cell-opening/closing time is to deteriorate 
the cell-filling performance. 

In a DPE, a cell-emptying process always follows, pre- 
cedes or is combined with a cell-filling process for the 
pressure exchange operation to be cyclic. The depression 

Ph/Pm 



P H /Pm 



Fig. 6. Optimum cell- emptying performance , no diffuser 


in the cells after cell-emptying is subsequently used to 27 
induce port gas into the cells, i.e. to initiate cell-filling, and 
the super-port residual cell-pressure after cell-filling is 
then used to start a cell-emptying process. The DPE per- 
formance is better than that of the SSPE due to the 
superior residual pressure characteristics of the DPE cell- 
emptying and cell-filling operations. 

The high-pressure scavenge process 

In that part of a DPE where the secondary gas is to be 
compressed and scavenged by the primary gas, the cell- 
filling and cell-emptying processes may be combined into 
one process, the so-called ‘high-pressure scavenge’ pro- 
cess. The relevant diagram in Fig. 3 is shown for the con- 
dition of equal static pressures in the inlet and outlet ports 
and infinitely narrow cells; in that case, no rarefaction wave 
is generated and the shock wave is not reflected at the out- 
let port leading edge. In reality, with a finite cell width, the 
rarefaction wave is partly generated and the shock wave is 
partly reflected, even though the port static pressures may 
be equal. For full scavenge, the inlet and outlet port trail- 
ing edges should be so fixed that the demarcation line 
between the gases reaches the outlet port at the same time 
as the rarefaction wave generated by the closing of the in- 
let port. (The required number of cell-emptying and cell- 
filling processes to simulate full high-pressure scavenge 
increases with decreasing initial cell-filling pressure ratio 
and inlet/outlet port static pressure ratio.) For the wave 
diagram shown in Fig. 4c, 8 (referred to the cell-filling 
port stagnation conditions) = 0-5, the cell-filling initial 
pressure ratio = 2-45, and the outlet port static pressure 
equals the inlet port stagnation pressure. 

The low-pressure scavenge process 

The primary gas, after compressing the secondary gas in 
the high-pressure scavenge section, is discharged, 
scavenged by the fresh, low-pressure secondary fluid tha\ 
is induced into the cells as a result of the depression 
caused by the discharge. The entire process is known as 
the flow-pressure scavenge’ process and can be accom- 
plished with a minimum number of one cell-filling and 
two cell-emptying processes, as indicated in Fig. 3. How- 
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ever, advantage may be taken of the depression in the cells 
after the second cell-emptying process to induce addi- 
tional fresh secondary fluid by means of a second cell- 
filling process and thereby pre-compress the charge prior 
to the main compression in the subsequent high-pressure 
scavenge section. The relevant cell-filling and cell-empty- 
ing processes need not take place separately; they may be 
combined such that only one inlet and one outlet port are 
required, as shown in Figs 3 and 4. The secondary gas 
inlet port opens at the instant the cell pressure at that end 
falls to the port pressure. For full scavenge with no pre- 
compression, the inlet port should close first such that the 
resulting rarefaction wave reaches the outlet end at the 
same time as the gas interface; the outlet port should then 
close at that time. For full scavenge with pre-compres- 
sion, the outlet port should close first as soon as the gas 
interface reaches it; the inlet port should then close upon 
the arrival of the compression wave generated by the clos- 
ing of the outlet port. (The required number of cell-empty- 
ing and cell-filling processes to simulate full low-pressure 
scavenge increases with decreasing initial cell-emptying 
pressure ratio and inlet/outlet port static pressure ratio.) 
The wave diagram shown in Fig. 4 d was drawn for full 
scavenge with pre-compression, for S (referred to the inlet 
port stagnation conditions) = 0*5, the first cell-emptying 
initial pressure ratio = 1*29, and for equal inlet port 
stagnation and outlet port static pressures. 

OPERATIONAL PRINCIPLE OF THE 

DYNAMIC PRESSURE EXCHANGER 

In general, the DPE may be used (i) in looped arrange- 
ments (with the high-pressure ports connected by ducting) 
acting, for example, as (a) a refrigerator or a heat pump, 
with the upper isobar being one of cooling and the high- 
pressure secondary fluid being energized by the addition 
of compressed make-up primary gas, as in the case of the 
Lebre machine; (b) a gas generator, with the upper isobar 
being one of heating and some or all of the high-pressure 
secondary fluid being energized by means of a heat source, 
such as a combustion chamber of the gas-turbine type; 
(ii) in unlooped arrangements with no heat input or 
extraction. In case (ii) the DPE acts as a pressure inter- 
changer. DPE units known as ‘valved combustors’ (15), in 
which periodic combustion takes place in the cells, are not 
considered in this paper. 

The simplified operational principle of the DPE is 
indicated with reference to its use as a gas generator, 
Fig. 8. The cycle of operation is divided into the two basic 
scavenge processes previously described. 

High-pressure hot gases HG coming from the com- 
bustion chamber are led to the high-pressure inlet port. 
The low-pressure cold air LA, initially in a cell before it 
comes into contact with that port, provides the necessary 
pressure differential to cause the flow. The air is com- 
pressed to approximately the same pressure level as that of 
the hot gases by a shock wave. The outlet port opens at the 
moment this wave reaches it. Beyond the high-pressure 
scavenge section, the cell contains only hot gases at a pres- 
sure level intermediate to that prevailing before compres- 
sion and in the high-pressure ports. The cell is now opened 
on the right and the low-pressure scavenge process with 
pre-compression takes place. Upon its completion, only 
fresh air is trapped in the cell and the cycle is repeated 



LA low-pressure fresh air. rarefaction wave. 

LG low-pressure hot gases. compression wave. 

HA high-pressure fresh air. interface. 

HG high-pressure hot gases. 

Fig. 8. A simple DPE unit acting as a gas generator 

when the cell is opened to the high-pressure hot gas port. 
Since the same cycle occurs in all the cells, the flow in the 
ports is substantially steady, even though the flow in the 
cells is unsteady. 

The DPE unit shown diagrammatically in Fig. 8 can be 
used in two ways: (i) as a second stage for a gas-turbine 
unit, as proposed, for example, by Seippel (16), in which 
case the low-pressure inlet port would be connected to the 
compressor delivery and the low-pressure outlet port 
would be connected to the turbine inlet; (ii) as an engine 
‘in its own right’, drawing its low-pressure air from the 
surroundings and supplying gas to a power turbine, for 
example. In both cases (i) and (ii), fluid for power produc- 
tion is bled from the hot gas flow in the DPE high-pressure 
loop (tempered, if necessary, with cold high-pressure 
secondary fluid), provided the hot gas temperature is 
above the idling temperature. For a given overall pressure 
ratio and peak temperature, the amount of this bleed-off 
is a measure of the pressure exchanger performance. 

GENERAL DYNAMIC PRESSURE 
EXCHANGER PERFORMANCE 

In reversible pressure exchange, no heat input or addition 
of make-up gas would be necessary to maintain a certain 
DPE overall pressure ratio, i.e. the compressed secondary 
gas leaving the high-pressure scavenge section would sub- 
sequently be used as high-pressure primary gas, and there 
would be no net ‘bulk’ input required in the unit. (‘Bulk’ 
is here defined as the product of mass flow rate and abso- 
lute temperature.) Due to irreversibilities, however, the 
bulk of secondary fluid discharged after compression 
(m Hout r Hout ) is always less than the bulk of primary fluid 
used to effect compression (m Hin T Hl n ). Therefore, the net 



bulk input K n r Hln -m Hout r Hout ) is a measure of DPE 
performance. This performance has been generalized 
qualitatively for air (y ~ 1*4), for overall pressure ratios 
up to the sonic threshold, and for no temperature discon- 
tinuities in the unsteady flow pattern, by considering the 
scavenge processes as combinations of cell-emptying and 
cell-filling, taken in the right order. The details of the steps 
involved are given in Appendix I for the two cases of a 
DPE with no transfer passage and with one transfer pas- 
sage. 

DPE performance with no transfer passage 

The generalized performance curves for a DPE with no 
transfer passage are given in Fig. 9, where p H /p L is the 
overall pressure ratio, and /x is the dimensionless net bulk 
input defined as follows (the definition is due to 
Spalding (17)): 

> x - 0»ii ln rH ln — »i Ho u«r HogI )/ws W r L . D . (i) 

fii svt is the rotor swept mass flow rate referred to the inlet 
port stagnation conditions. Improvement in DPE per- 
formance is indicated if, for a given value of p H /p Ij , \x 
decreases, or if, for a given value of /x, p u jp L increases. 

The simplified general performance equation is 

PuIPl = l+c&y/x ... (2) 

where c and k are constants (greater than unity) for any 



Fig . 9. Generalized performance for a DPE with no 
transfer passage 


given value of S. In the case of a SSPE utilizing no wave 
effects, the performance equation becomes 

PhIPu — 1+y/* • • • • ( 3 ) 

The line representing equation (3) is included in Fig. 9 to 
indicate the superiority of the DPE over the SSPE. 

DPE performance with one transfer passage 

The generalized performance curves for a DPE with one 
transfer passage are given in Fig. 10. It is significant to 
note the increased range in p H /p L as a result of using a 
transfer passage. 

The simplified general performance equation is 

PhIPl —\+c'kyix ... (4) 


where k is the same constant as that in equation (2) and c 
is estimated to be of the order of 2*5c for all values of b 
(see Appendix I). The effect of a transfer passage, there- 
fore, is to multiply the ‘no transfer passage’ constant c 
by the estimated factor of 2-5. In theory, DPE performance 
improves with an increasing number of transfer passages. 
In practice, there is probably an optimum number, 
limited by the increased dosses’ associated with energy 
degradation in the passages, irreversible wave action, and 
leakage. 

In the case of a SSPE with negligible wave effects, per- 
formance is given by 

PhIPv = l + 2y/x ... (5) 

The line representing equation (5) is included for com- 
parison in Fig. 10. It can be shown that, in general, the 
performance equation for a SSPE with n transfer passages 
is 

PhIPl = l + (n+l)yn ... (6) 



performance with low-pressure exhaust kinetic energy 

unavailable. 

Fig. 10. Generalized performance for a DPE with one 
transfer passage 

DPE performance with unavailable low-pressure 
exhaust kinetic energy 

The generalized performance curves, shown in full lines, 
of Figs 9 and 10 are based partly on the assumption of 
100 per cent diffusion efficiency in the high-pressure and 
low-pressure exhaust flows. In practice, with the outflow 
velocity decreasing across the low-pressure outlet port due 
to the drop in pressure ratio of the successive cell-emptying 
processes (see Fig. 4d), the diffusion process becomes 
inefficient and a large part of the exhaust kinetic energy is 
not recovered. The generalized DPE performance was 
re-estimated on the assumption that the low-pressure 
exhaust kinetic energy is unavailable, i.e. discharge is 
effected directly to the surrounding atmosphere. The steps 
involved are identical with those outlined in Appendix I, 
except that cell-emptying performance relevant to low- 
pressure scavenge was derived from Fig. 6 instead of 
Fig. 5. Figs 11 and 12 show the resulting generalized 
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transfer passage and no low-pressure exhaust diffuser 



Fig. 12. Generalized performance for a DPE with one 
transfer passage and no low-pressure exhaust diffuser 

DPE performance curves for no transfer passage and for 
one transfer passage, respectively. Parts of the curves are 
shown in Figs 9 and 10 to indicate the drop in overall 
performance. Plowever, a comparison between the relevant 
curves shows that appreciably higher overall pressure 
ratios can be attained than are possible for the case of a 
DPE with full low-pressure exhaust kinetic energy 
recovery. 

ROTOR SPEED AND DYNAMIC PRESSURE 
EXCHANGER PERFORMANCE 
For a given rotor, utilizing gases of fixed thermodynamic 
properties, the cyclic wave pattern depends on the rotor 
speed, since the waves are generated as a cell end moves 
past a port edge. The rotor speed is thus directly related 
to the efficient operation of a DPE unit. It has been shown 
that in cell-emptying, an optimum value of 8 ~ 0-5 
should be used, whereas in cell-filling, performance deteri- 
orates with increasing 8. It is concluded, therefore, that 
for wave effects to be fully utilized, a DPE rotor should 
run such that 8 is of the order of, or less than, 0-5. This 
result may be expected to hold also for the case where the 
thermodynamic properties of the primary and secondary 
flows vary considerably, since the qualitative effect of cell 
width on cell-emptying and cell-filling performance is 


independent of the gas or gases involved. In that case, 
however, it is suggested that the appropriate value of 8 
be referred to the gas which yields the highest sonic 
speed. Also, it is seen from Figs 9, 10, 11 and 12 that, in 
general, the extent to which the DPE performance is 
affected by a change in 8 (which, for a given rotor, 
corresponds to a proportionate change in rotor speed) is 
unappreciable within the range 0 < 8 < 0-5. 

In comparison with the conventional gas turbine, the 
DPE is a low-speed, and hence a more rugged, device. 
The resulting larger flow passages make the DPE less, 
sensitive to gases containing solid suspensions. 

SOME INDUSTRIAL APPLICATIONS OF 

THE DYNAMIC PRESSURE EXCHANGER 

Gas generator 

In a gas-generating DPE, the primary fluid is usually com- 
posed of hot combustion products and the secondary fluid 
of fresh air (Fig. 8). In order to overcome irreversibilities, 
such as those inherent in the wave processes and in the 
heating circuit, the gas -generating DPE, like the conven- 
tional gas turbine, requires a minimum heat input, the 
‘idling’ heat input, to maintain a given overall pressure 
ratio. Unlike the gas turbine, however, the DPE idling 
heat input tends to zero as the pressure ratio tends to unity, 
since wave action is almost reversible at low pressure 
ratios. This signifies that the part-load performance of the 
DPE is basically superior to that of the gas turbine (18). 
Under idling conditions, the entire secondary fluid ener- 
gized through combustion is re-circulated in the ex- 
changer and no surplus fluid is thus available for power 
production. Additional heat transfer, corresponding to an 
increase in peak temperature, enables a portion of the hot 



Fig. 13. DPE gas generator: peak temperature ratio versus 
bleed flow ratio with parameters of H>ii 5 „T L Jiii Hout T 1Un 

gases to be bled off and expanded through a turbine, say, 
to yield useful work. If the fuel mass flow rate is neglected, 
the bleed mass flow rate lit „ becomes 

■ ■ ■ (7) 

and the peak temperature ratio T u JT 1Ulll is obtained, by 
combining equations (1) and (7), as 

^Hln _ 1 

^Hout j R^sw^Lin ^ ^ 



Fig. 13 shows a plot of the bleed mass flow rate ratio 
versus the peak temperature ratio T Hl JT Uoat for 
various values of the parameter l^h,T L Jm Un °J Hm . 
«' S w/nJu uu t is a measure of the degree of scavenge; for full 
high-pressure and low-pressure scavenge, the ratio be- 
comes unity. The optimum design pressure ratio is con- 
trolled by two relative effects: (i) at a constant design peak 
temperature T Hln , m b increases with decreasing p u jp L . 
This is illustrated in Fig. 13 by the S curves (the gas 
generator performance following a constant S line), based 
on the use of the full curves in Fig. 1 1 and equation ( 8 ), for 
F h ,„ = 1800°R, T Un = 530°R, full scavenge, and isen- 
tropic compression of the low-pressure fresh air; (ii) the 
power developed per unit bleed mass flow rate increases 
with increasing p u /p L . These two effects have indicated 
that a simple DPE gas generator, i.e. unsupercharged or 
with no transfer passages, must operate at overall pres- 
sure ratios less than 2-5 for optimum ■ rformance ( 18 ). 
Low overall pressure ratios, common all single-stage 
DPE’s working under optimum cond.. ms, signify low 
gas velocities which contribute to the erosion resistance 
potentialities of the device. Operation at overall pressure 
ratios above 2-5 is not known to lead to stall. 

The first known working application of the DPE was as 
a gas generator ( 19 ) ( 20 ). This was probably in an attempt 
to exploit fully the ability of the DPE to permit high peak 



Fig. 14. Gas-turbine unit incorporating a DPE as 
proposed by Seippel 


temperatures, higher than a conventional gas turbine can 
withstand. This is due to the fact that the rotor is altern- 
ately exposed to hot and cold gases. It is known that the 
rotor attains a temperature of the order of the mean be- 
tween the hot gas and cold air inlets. 

After the success 'of the Lebre invention, the Brown 
Boveri Company followed up their interest in pressure 
exchangers by building, as a result of tests made on the 
first machine from 1941 to 1943, a DPE to serve as the 
high-pressure stage of a locomotive gas-turbine plant for 
British Railways, based on the patents of Seippel ( 16 ) ( 21 ). 
The relevant cycle diagram is shown in Fig. 14. So far as is 
known, the DPE unit worked satisfactorily but it was 
found that its use did not result in as high an improvement 
in performance (i.e. a power increase of 80 per cent to- 
gether wdth an overall thermal efficiency increase of about 
25 per cent) as had been anticipated. It was replaced by a 
heat exchanger which yielded a somewhat higher overall 
thermal efficiency. No further development work is known 
to have been made. 

The inherent low-pressure ratio, and consequent low 
efficiency, of the simple gas-generating DPE may be in- 
creased by using a compound unit consisting of two 


exchangers, as suggested by Muller ( 22 ) for example, one 
supercharging the other, such that the supercharging unit 
operates preferably under idling conditions. This arrange- 
ment would then require only one power turbine. The 
cycle diagram of such a compound unit, incorporating a 
heat exchanger and fan, is shown in Fig. 15. The fan is 
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Fig. 15. A compound DPE unit acting as a gas 

generator 

used for balancing the pressure loss in the heat exchanger. 
Preliminary investigations ( 18 ) have shown that this unit 
is highly competitive, both in design and in part-load 
performance. Moreover, there is hardly any increase in 
output and efficiency if the s'upercharging DPE also acts 
as a gas generator, requiring then an additional power 
turbine. 

The overall pressure ratio may alternatively be boosted 
by means of transfer passages which are known to have 
been employed by Power Jets (Research and Develop- 
ment) Limited, other references to whose work appear 
below. 

Supercharger 

If the combustion chamber used in the gas-generating 
DPE is replaced by a reciprocating engine cylinder, the 
DPE would act, in conjunction with an appropriate con- 
trol arrangement, as the engine supercharger. If the heat 
input required to maintain the desired supercharging 
pressure ratio is less than the available heat input, the 
DPE supercharger may also act as a gas generator, supply- 
ing high-pressure gases that would be put to some useful 
purpose, such as driving an ejector. Alternatively, the 
available supercharging pressure ratio may be reduced to 
the desired level by utilizing low-pressure scavenge with 
no pre-compression, resulting in a more compact unit. 

Burghard ( 23 ) was probably the first to anticipate the 
supercharger application of the pressure exchanger as 
early as 1913. It was not, however, until recently that the 
principle was reduced to successful practice. In 1949 the 
ITE Circuit Breaker Company, Philadelphia, U.S.A., 
initiated a research and development programme to verify 
experimentally the calculated performance of dynamic 
pressure exchangers. An overall pressure ratio of 4-5 and 
an overall thermal efficiency of 16 per cent were achieved 
on a small test rotor, 4 in in diameter and 6 in long. De- 
velopment was then focused on a DPE unit acting as a 
vehicle diesel-engine supercharger, the so-called ‘Com- 
prex’* ( 24 ) ( 25 ). The early version of the supercharger did 
not yield sufficient manifold pressure at very low engine 
speed, at which the clutch is engaged. The further 
development carried out at the Swiss Federal Institute of 

* ( Comprex* is a trade name of the ITE Circuit Breaker Company. 





Fig. 16. The Comprex diesel supercharger 

( Courtesy of the Swiss Federal Institute of Technology) 


Technology, in collaboration with the Brown Boveri 
Company, led to cycle modifications overcoming this 
deficiency ( 26 ). 

The Comprex supercharger is shown in Fig. 16; the 
unit operated on two cycle/rev. The relevant simplified 
wave diagram for each cycle is given in Fig. 17. The 

wave action is essentially the same as that of the Brown 
Boveri gas-generating DPE. It is important, however, to 
deliver pure air to the engine, and to ensure this, the high- 
pressure region is slightly ‘underscavenged* (i.e. not all 
the compressed air is delivered to the engine) and the low- 
pressure region is slightly ‘over-scavenged* (i.e. all the hot 
gases plus part of the induced fresh air charge is ex- 
hausted). Also, it is seen that the low-pressure port design 
is relevant to low-pressure scavenge with no pre-com- 
pression. This feature results in a reduced high-pressure 
port periphery, and consequently reduced port leakage, 
since the drop in the intake air pressure as a result of over- 
expansion yields an increased cell-filling pressure ratio in 
the high-pressure scavenge section, and hence an in- 
creased hot gas inlet velocity. In the case of the DPE gas- 
generating plant, these advantages would not overrule the 
drop in the general performance, as given by the PnlPirF 
relation, since low-pressure scavenge with no pre-com- 
pression depresses the factor c in the simplified overall 
performance equation (18) to a value below unity, worse 
than for the case of the SSPE. 

The superiority of the DPE supercharger over the con- 
ventional turbo-supercharger lies in its effectiveness being 
maintained down to very low speeds, its freedom from 
surge limits, and its immediate load response, since the 
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LA low-pressure fresh air. 

LG low-pressure hot gases. 

HA high-pressure fresh air. 

HG high-pressure hot gases. 

Fig. 17. DPE acting as a diesel engine supercharger 


a equalizer, utilizing compressor-turbine set. b equalizer, utilizing a two cycle DPE. 

Fig. 18. Equalizer 


increased exhaust energy is transferred instantly to the 
intake air. There is no lag due to inertia experienced with 
turbo-superchargers. Also, its efficiency is practically 
independent of scale, which makes it particularly advan- 
tageous in the small engine sizes (below about 100 hp) 
where turbo-superchargers suffer in efficiency. Among the 
advantages claimed by the ITE Circuit Breaker Company 
( 2 4 ) ( 2 5 )> based on 20 000 miles of road testing with a diesel 
truck, are clean exhaust, fewer gearshifts, improved fuel 
consumption, no danger of over-speed and low sensitivity 
to unbalance. 
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Air compressor 

The gas-generating DPE unit can be used alternatively as 
a source of compressed air supply by bleeding fresh air 
instead of hot gases from the upper isobar. Some degree of 
under-scavenge in the high-pressure section and over- 
scavenge in the low-pressure section, as in the super- 
charging unit, would be essential to maintain a delivery of 
pure compressed air. 

Refrigerator 

The DPE operating as a refrigerator is basically the same 
as the Lebre unit (6). Because of wave processes, however, 
the DPE unit with no transfer passages would have as high 
a coefficient of performance as the Lebre semi-static unit 
with several transfer passages. There has been no pub- 
lished data concerning the performance of a DPE refrig- 
erator. It is known, however, that Power Jets (Research 
and Development) Ltd, who have been interested in 
pressure exchangers since 1949, are now in an advanced 
stage of development of a DPE unit for a variety of in- 
dustrial applications. The superior performance of the 
DPE refrigerator over that of non-condensable gas re- 
frigeration plants has been established on the Power Jets 
test unit. The most promising application of the DPE 
refrigerator is as a mine cooler and a Power Jets prototype 
has already been supplied for service in a deep gold mine. 

Equalizer/divider 

The equalizer/divider is one example in which the DPE 
acts purely as a pressure interchanger. In the so-called 
equalizer (27)-(3i), a high-pressure gas stream is expanded 
to the same pressure level as that to which a low-pressure 
stream of the same or a different gas is compressed, the 
two exhaust streams being then led to a common duct. The 
circuit diagram using a conventional compressor-turbine 
set is shown in Fig. 18a and the simplified wave diagram 
in the case of a DPE is shown in Fig. 186. Fig. 19 shows 
the experimental performance curves obtained by Kentfield 
(31) on a Power Jets test unit with air as working fluid. At 
suitable pressure ratios, the results indicate a performance 
that is superior to that of a conventional steady-flow 
e;ector (32) (Fig. 20). The maximum isentropic product 
efficiency 77 p (product of isentropic compression and ex- 
pansion efficiencies) for the ejector is 21 per cent and for 
the equalizer about 75 per cent. The plot shown in Fig. 21 
represents an estimate of the equalizer thrust augmenta- 
tion potential, using the efflux of a jet engine as a source of 
driving fluid, with T H = 1935°R and T L = 520 : R. It is 
assumed that the performance characteristics are identical 
with those displayed in Fig. 19, the effect of the hot 
driving fluid being taken into account by the parameter 
rr ‘L^ T h . 

The so-called divider (28)-(3i) is equivalent to the 
equalizer working in reverse, i.e. a single entering stream 
of medium pressure is divided into a high-pressure stream 
and a low-pressure stream. If a compressor-turbine set is 
used, the circuit diagram would be as shown in Fig. 22a; 
Fig. 226 shows the simplified wave diagram if wave pro- 
cesses are utilized in a rotor. The divider may be used as a 
pressure booster in cases where quantities of a gas at a 


pressure higher than that of the main supply are desired. 
Fig. 23 shows the performance curves experimentally 
obtained by Kentfield (31) on the Power Jets test unit. A 
photographic view of the machine is given in Fig. 24. The 
pressure-boosting application would be uniquely suitable 
in cases where erosion problems may hinder the use of 
turbo-machines. The cooling potential of the divider 
low-pressure stream is illustrated by the experimental 
performance curves of Fig. 25 due to Kentfield (31). An 
application in which good use is made of the DPE erosion 
resistance potentialities is that of the divider working as an 
expansion engine in a vapour-compression refrigerator 
(Fig. 26). 

THE DYNAMIC PRESSURE EXCHANGER 
AS A TOOL FOR HIGH-SPEED 
AERODYNAMIC RESEARCH 

In the laboratory, the DPE possesses the usefulness of the 
shock tube as a tool for high-speed aerodynamic research 
(a DPE cell approaching the high-pressure scavenge sec- 
tion is operated like the driven tube of a shock tube) with 
the advantage of a more sustained period of operation. 
This feature of the DPE has recently been exploited at 
Cornell Aeronautical Laboratory, Inc., Buffalo, New York, 
in the so-called ‘wave superheater’. The prototype unit 

(33) produces a hypersonic flow of superheated gas for a 
duration of as long as 30 seconds, greatly exceeding the 
useful duration of up to 15 msec yielded by a shock tunnel 

(34) - 

The wave superheater is basically a DPE acting as a 
pressure interchanger with an overall pressure ratio that 
may exceed 100, so that the primary fluid (hydrogen or 



Experimental conditions: 

r M = 308°K, p h = 1 atm. 

Rotor speed = 6000 rev/min 

H port width = 48° 

M port width — 45 3 

L port width = 45 3 

phasing = 24° 


Fig. 23. Experimentally obtained divider pressure-boosting performance with air as working fluid 




helium) can compress and heat the secondary fluid (air 
and/or argon) to extremely high temperatures. The secon- 
dary fluid then expands through a hypersonic nozzle to a 
test section. A coolant gas is used to maintain the rotor 
temperature to an acceptable level. Also., a ‘priming* gas., 
introduced into the cells prior to the induction of the 
secondary fluid., establishes a uniform flow through the 
cells and thereby ensures a cyclic action of the device 
(Fig. 27). The full-scale unit (35) (36) (37), now in opera- 
tion, can deliver uncontaminated air at stagnation condi- 
tions up to 7000°R and 110 atmospheres. Air flows up to 
8 lb/s, covering the range of Mach 2-15, can be attained 
for test periods up to 15 s. It is estimated that if argon is 
substituted for air as a test gas, the unit can superheat 
12 lb/s of argon at 17 000°R. The wave superheater rotor 
is shown in Fig. 28. 

The wave superheater is believed to be the only facility 
in existence capable of realistically simulating the extreme 
conditions of hypersonic flight at low altitudes (< 150 000 
ft). Approximately full-scale models of some hypersonic 
vehicle nose cones can be tested in the wave superheater 
tunnels under the aerophysical conditions associated with 
launching, gliding and re-entering. 


SOME SOURCES OF LOSSES IN DYNAMIC 
PRESSURE EXCHANGERS 

Assuming that the port widths and phasings are ‘tuned’ to 
the relevant wave pattern, the major sources of ‘losses’ in 
the DPE are due to the following effects. 

Irreversible wave action 

Shock waves are non-isentropic, although the entropy in- 
crease becomes significant only for pressure ratios across 
the shock higher than about 2. In general, the industrial 
applications of the simple DPE must operate at single- 
stage overall pressure ratios less than 2-5 for optimum per- 
formance, so that entropy increments in that case may be 
neglected. Rarefaction waves are isentropic but they cause 
wave interactions, whic 1 lead to irreversibilities, through 
their tendency to fan 0 'see Fig. 4). The wave pattern is 
made more complex \v,_ a the gases on either side of an 
interface have different temperatures, molecular weights, 
or ratio of specific heats. Waves encountering such a dis- 
continuity are transmitted as well as reflected in such a 
manner that the pressure and flow velocity on either side 
of the interface are equal. These effects can be treated 



Fig. 24. The Power Jets pressure exchanger as an equalizer [divider unit 

( Courtesy of Power Jets ( Research and Developtnent) Ltd) 



theoretically through simple modifications in the method 
36 of characteristics («) (38) (39). 

Finite cell width 


maximum values of 8 given in Table 1, together with the 
relevant rotor dimensions and speeds, refer to a number 
of DPE units mentioned above. 


The finite cell-opening closing time (S in dimensionless 
form) gives rise to irreversibilities through causing the 
pressure waves to be more spread out. Finite cell width is 
usually accounted for in wave diagrams by means of 
Jenny’s approach (10) based on the assumption that the 
flow is one-dimensional in the main body of the cell, while 
at the opening or closing end the flow has the steady-state 
configuration corresponding to the instantaneous geo- 
metry. Refinements in this method may be made by 
accounting for cell-wall thickness (31) and by applying 
appropriate values of discharge coefficients. It has been 
noted that the general DPE performance is inappreciably 
affected by finite cell-opening/closing time provided that 
8 is equal to or less than about 0*5; in the case where the 
thermodynamic properties of the primary and secondary 
flows vary considerably, it is suggested that 8 be referred 
to the gas which yields the highest sonic speed. The 

Table 1. Details of different DPE units 


Leakage 

The rotor-stator clearance should be kept small, under 
static as well as running conditions, otherwise the loss in 
the strength of the waves and circumferential as well as 
radial leakage, at the high-pressure ports in particular, 
would have a serious effect on the DPE performance. In 
the Power Jets equalizer/divider, for example, a clearance 
of the order of 0*007 in is maintained. 

In the theoretical treatment of leakage effects, a ‘closed’ 
cell end may be considered as an isentropic nozzle whose 
throat area is equivalent to the effective clearance gap area 
(4°). !n predicting the effects of leakage on the equalizer/ 
divider performance, Kentfield (31) presents a general 
theory, to account for circumferential and radial leakage 
in the vicinity of ports, based on an approach by Spalding 
(41) and on a paper by Kearton and Keh (42). 
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a o lven ceu height and length, friction effects increase 
with decreasing cell width, but on the other hand wa-e 
action tends to be less irreversible, since compression and 
rarefaction waves are generated more quickly. Thus, for a 
given rotor, running at a certain speed and utilizing gases 
of fixed properties, there is an optimum cell width, and 
consequently an optimum number of cells, in the light of 
the relative effects of friction and pressure waves. 

The mechanism of friction in unsteady gas flow is highly 
complex due to the fact that the flow history should be 

__ 1 -c 


.s 

Q 

<3 


0-4 


Experimental conditions: 

T m = 308°K, p u ~ 1 atm. 
Rotor speed 
H port width 
M port width 
L port width 
phasing 


= 5000 rev/ min 
= 48° 

- 45° 

= 45° 

= 24° 




Fig. 25, Experimentally obtained divider cooling performance with air as working fluid 
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Fig. 28. Rotor for wave superheater hypersonic tunnel 

( Courtesy of Cornell Aeronautical Laboratory , !nc .) 





taken into account. Several investigators (43) (44) (45) 
have indicated rigorous procedures for the inclusion of 
wall friction in a wave diagram. The calculations involved 
are laborious, unless they are handled by a digital com- 
puter (46). The comparative insignificance of friction 
effects in the DPE has been indicated in the case of the 
Comprex supercharger (40) and the Power Jets equalizer/ 
divider unit (31). 

Mixing, diffusion and heat transfer 

The undesirable form of energy transfer through mixing 
and diffusion always takes place across the interface of two 
different fluids in a DPE cell. Mixing takes place also due 
to the flow pattern in the opening and closing processes of 
a cell end and, for gases of different densities in a cell, due 
to centrifugal a r deration which causes interpenetration 
of the gases (1 This latter effect is similar to that of 
‘gravity waves’ ;tween two incompressible fluids in an 
open channel. Heat transfer is another source of entropy 
increment and takes place across the interface as well as 
between the gases and the rotor. It is due to heat transfer, 
on the other hand, that the rotor temperature remains 
substantially below the peak gas temperature. 

Mixing, diffusion and heat transfer apparently have no 
serious effect on DPE performance. In a Power Jets test 
unit, for example, an equivalent compression efficiency of 
85 per cent, for an overall pressure ratio of 2, is reported 
(47). Satisfactory agreement (with a maximum deviation of 
10 per cent) between experimental and theoretical results, 
based on the method of characteristics, was reached (48) by 
neglecting the effects of mixing, diffusion and heat trans- 
fer, as well as those due to friction and entropy increase 
across shock waves, for overall pressure ratios below 2-5. 

Kinetic energy losses 

Significant kinetic energy losses may be present in two 
locations, due to inefficient diffusion of the discharged gas 
flow: (i) in the high-pressure outlet port: good diffuser 
design in conjunction with the proper choice of port edge 
angles would render this loss tolerable; (ii) in the low- 
pressure outlet port. For the order of the single-stage over- 
all pressure ratios (< 2*5) utilized in the industrial type of 
DPE, the low-pressure scavenge ports are several times 
(e.g. five times) as wide as the high-pressure scavenge 
ports, for the same degree of scavenge. This results in 
inefficient diffusion of the low-pressure exhaust flow, even 
with the proper choice of port-edge angles and diffuser 
configuration. Some of the exhaust gas kinetic energy may 
be recovered by slightly bending the blades, thus making 
the rotor partially or totally self-driving. This was first 
suggested by Knauff (49) in 1906. A more recent patent 
relevant to the DPE is by Berchtold (50). However, the 
low-pressure exhaust-gas kinetic energy may be required 
to overcome the pressure drop in a cleaner and silencer 
incorporated in the low-pressure circuit. 

Ttotor drive ~ 

The power required to drive the DPE rotor for over- 
coming bearing friction and windage losses is normally 
small. In the Comprex supercharger, for example, the 
required drive power is about one per cent of the engine 
output (25). 


CONCLUSIONS 

The DPE is an entirely novel type of machine which 
effects direct energy exchange between compressible fluid 
flows by means of unsteady-flow transfer, utilizing pres- 
sure wave processes. Energy exchange by mixing is present 
only to a minor extent. The wave processes are related 
directly to the rate of action of the device. This rate, 
therefore, is a governing factor of DPE performance. 
Analysis of the basic wave processes by the ‘method of 
characteristics* for air (y = 1-4) and for no temperature 
discontinuities in the unsteady flow pattern, yielded the 
following results: 

(1) For pressure wave effects to be fully utilized, a 
DPE rotor should run such that 8 is of the order of or 
less than 0-5. In the case where the thermodynamic 
properties of the primary and secondary flows vary con- 
siderably, it is suggested that S be referred to the gas 
which yields the highest sonic speed. 

(2) In general, the extent to which the DPE per- 
formance is affected by a change in 8, within the 
range 0 < 8 < 05, is inappreciable. 

(3) The use of a transfer passage yields a significant 
improvement in DPE performance and an increased 
range in overall pressure ratio. 

Since it contains the mechanisms of a compression- 
expansion engine, the DPE may be utilized to perform the 
same functions as those of a conventional compressor- 
turbine set. Moreover, the following potential advantages 
are obtained: 

(1) Ability to permit higher peak temperatures due 
to the fact that, when exposed alternatively to hot and 
cold gas flows, the rotor attains an intermediate tem- 
perature. 

(2) Superior part-load performance since wave action 
tends to be reversible with decreasing pressure ratio. 

(3) Better erosion resistance due to the relatively large 
flow passages and low gas velocities. 

(4) No stall characteristics. 

In the laboratory, the DPE possesses the usefulness of the 
shock tube as a tool for high-speed aerodynamic research 
with the advantage of a more sustained period of opera- 
tion. 

DPE performance, flow conditions, optimum port 
widths and phasings can be predicted with a satisfactory 
degree of precision by means of the method of characteris- 
tics. 
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APPENDIX I 

GENERALIZED PERFORMANCE FOR A DPE WITH NO 
TRANSFER PASSAGE 

Application of the First Law of Thermodynamics to control 
surface c (Fig. 29 a), assuming no leakage, no heat transfer, and 
constant and common specific heats for both primary and second- 
ary' gases, yields 

CpCwHin^Hin “Wiiiout^Hout) “ c vO* J 2 T 2 ““ ttl\ T x ) . (9) 

or 

y(.>fiH ln T Kln -m HoM T„ out ) = m 2 T 2 -m l T 1 . (10) 

where c p = specific heat at constant pressure, c v — specific heat at 
constant volume, y = c P lc Vi m = mass flow rate, T = absolute 
stagnation temperature. 

In order to generalize it, the net bulk input (/nn ln !T Htn 
“^Hout^Hout) mac ^ e dimensionless and is denoted by jj. which is 
denned as follows: 

V- = (.f»H ln T Hln -mn OM T Hout )lm,^T Lin . . (11) 

where w aw = the rotor swept mass flow rate referred to the inlet 
port stagnation conditions, i.e. 

W 3W = pLm^sw/^^Mn * * * O 2 ) 

where p = stagnation pressure, K sw = the volumetric flow rate 
swept out by the cells, R = the gas constant. 

From equations (10) and (11), we have 

y^m 3w r Lln = m 2 T 2 — m 1 T 1 . . . (13) 

Since m 2 T 2 = p 2 F r 3W /P and th x T x = p x V*vlR> equation (13) may 
be re-written as 

7^ = (p2—pi)lpL la .... (14) 

which is one form of the general DPE performance equation. 

It is more convenient, however, to correlate ^ to the DPE over- 
all pressure ratio Pu oxl JPn n > since the cell stagnation pressures pi 
andp 2 are difficult to measure. It is first supposed that both high- 
pressure and low-pressure scavenge performances may be pre- 
dicted from the cell-emptying and the cell-filling performance 
curves of Figs 5 and 7. This is done in a step-by-step manner in 
which a scavenge operation is considered as a combination of cell- 
filling and cell-emptying, taken in the right order. Full high-pres- 
sure scavenge is assumed to be accomplished with one cell- 
emptying and one cell-filling process, and full low-pressure 
scavenge is assumed to be accomplished with two cell-emptying 



and two cell-filling processes (i.e. with pre-compression) for all 
pressure ratios. Also, the port stagnation pressures at inlet and out- 
let in the low-pressure and high-pressure scavenge sections are 
assumed to be equal, i.e. p H , n — pH 0Ut = Ph and p Lln = pL out = 
The high-pressure scavenge performance is taken to be represented 
by the following relation : 

PlilP L ~ f(p2 ~~^Pl)IPl * * * ( 15 ) 

where / is a certain function. (Note that in reversible pressure 


exchange, /a = 0 and equation (10) reduces to p l = p 2 .) The 
iterative method mentioned above yields the high-pressure 
scavenge performance curves shown in Fig. 30a. 

The DPE overall pressure ratio p H /p L depends partly on the pre- 
compression in the low-pressure scavenge section, given by pJp LS 
which in turn depends on the low-pressure scavenge performance. 
Let the overall performance be represented by the relation 

PhIPu = fXpii *~Pi)/Pl . . . . (16) 

where/' is a certain function. An iterative method similar to that 
used for high-pressure scavenge yields the overall performance 
curves of Fig. 30 b. 

If, in a qualitative first approach, it is assumed that the curves of 
Fig. 30 represent linear functions, 

pulpi = \+k(p 2 -p 1 )lp l . . . (17) 

and 

Pulpit “ 14 ~c(pa—'Pi)lpL • • . (18) 

where c and k are constants (greater than unity) for any given value 
of 8. Equations (14), (17) and (18) then yield the following simpli- 
fied general DPE performance equation: 

PulPu — l+ckyp. .... (19) 

The generalized performance curves (shown in full lines) of 
Fig. 9 are based on the performance characteristics given in Fig. 30 
and on the application of equation (14). 

In the case of a SSPE,p x ~ p L andp 2 ~ p H so that equation (14) 
then approximates to 

PuIPl — 1 4-y^ .... (20) 

GENERALIZED PERFORMANCE FOR A DPE WITH ONE 
TRANSFER PASSAGE 

Since a transfer passage connects a high-pressure region to a low- 
pressure region of the rotor cells, the relevant aerodynamic pro- 
cesses are cell-emptying, from the rotor cells into one end of the 
passage, and cell-filling, from the other end of the passage into the 
rotor cells (see Fig. 296). The stagnation pressures at both ends of 
the passage are taken to be equal. Application of the First Law of 
Thermodynamics to control surfaces cl and c3 yields 


c v m 2 T 2 — CpriitTz + CvriitTi 

• ■ (21) 

and 


c v i?ii T i = —Cpri\ 2 T3’\-c v thi-Ti* 

. . (22) 

Combining equations (21) and (22), 


rn x Ti+m 2 T 2 = 

■ - (23) 

or 


Pl 4-p2 = Pl' 4-p4 

. . (24) 

A relation similar to equation (14) is obtained by 
First Law of Thermodynamics to control surface c2: 

applying the 

y/A = (p 2 — pl')/pb . . 

- • (25) 


\x is correlated to the DPE overall pressure ratio p H /p L by following 
a procedure similar to that outlined for the case of no transfer pas- 
sage, as well as by applying equation (24). The high-pressure 
scavenge performance curves shown in Fig. 31a are identical with 
those shown in Fig. 30a. The overall performance curves (Fig. 316), 
however, reveal a marked improvement in performance as com- 
pared with the corresponding performance for no transfer passage. 
If, for simplicity, the curves are assumed to represent linear func- 
tions, then 

PhIPi 1 = 1 +Kp2— Pi-)lpi ... (26) 

and 

PnlPit = l+c'(p u —p v )lp L . . . (27) 

where k is the same constant as that in equation (17) and c f is 
estimated from Figs 306 and 316 to be of the order of 2*6 c for all 
values of 8. Equations (25), (26) and (27) yield the following simpli- 
fied general performance equation for a DPE with one transfer 
passage: 

PuIPl =-l +c'kyn .... (28) 

The generalized performance curves (shown in full lines) of 
Fig. 10 are based on the performance characteristics shown in 
Fig. 31 and on the application of equation (25). 

In the case of a SSPE, pi crp L andpi> ~ p 4 so that equation (24) 
becomes 

Pl+Ph — 2pi' .... (29) 

Also, since p 2 — p H) equation (25) may be re-written as 

Ph/Pl = l+2y/i. .... (30) 




Fig. 30. Scavenge performance for a DPE with no transfer passage 



Fig. 31. Scavenge performance for a DPE with one transfer passage 


APPENDIX II 

REFERENCES 

1 Knauff, R. British Patent No. 2818, 1906. 

2 Burghard, H. German Patent No. 485 386, 1928. 

3 Foa, J. V. ‘A new method of energy exchange between 

flows and some of its applications’, Rensselaer Polytech. 
Inst., Tech. Rept. TR-AE-5509, 1955. 

4 Foa, J. V. ‘Crypto-steady pressure exchange’, Rensselaer 

Polytech. Inst., Tech. Rept. TR-AE-6202, 1962. 

^ Hohenemser, K. ‘Preliminary analysis of a new type of 
thrust augmenter’, Proc. Fourth \atl Congress Appl. 
Meek. 1962 (A.S.M.E., New York). 

6 Lebre, A. F. British Patent No. 290 669, 1928. 

'7 ‘Heat pump for industrial drying purposes (Landquart 

Paper Mills)’, Brown Boveri Revieto 1943, 153. 

(8, Lebre, A. F. U S. Patent No. 2 045 152, 1936. 

(9 POGG1, L. ‘The theory of semi-static pressure exchangers’, 

Selected Papers on Engineering Mechanics, Von Karman 
Tribute Volume 1955, 83 (Butterworths, London). 


(io) Jenny, E. ‘Berechnungen und Modellversuche liber 
Druckwellen Grosser Amplituden in Auspuffleitungen’, 
E.T.H.Z. Zurich (Doctor’s Thesis) 1949; 

Brown Boveri Review 1950, 447 (abstract of thesis). 

(ii; RUDINGER, G. Wave diagrams for non-steady flow in ducts 
1955 (D. Van Nostrand Co., New York). 

(12) Spalding, D. B. ‘Wave effects in pressure exchangers. 
Part IF, Power Jets (Research and Development) Ltd, 
Rept. No. 2202 /x 41,1955. 

(13; Spalding, D. B. ‘Filling, emptying, and transfer processes 
in a pressure exchanger of finite cell width’. Power Jets 
(Research and Development) Ltd, Rept. No. 2222/ 
x 46, 1956. 

(14) Azoury, P. H. ‘The dynamic pressure exchanger — gas flow 

in a model cell’, Univ. Lond. Ph.D. Thesis 1960. 

(15) Goldstein, A. W., Klapproth, J. F. and Hartmann, M. J. 

‘Ideal performance of valved combustors and applicabil- 
ity to several engine types’, Trans. Am. Soc. meek. 
Engrs 1958 80, 1027. 

(16 ) Seipfel, C. U.S. Patent No. 2 461 186, 1949. 





(i7) Spalding, D. B. Private discussions. 

(iS) Azoury, P. H. ‘Preliminary assessment of the pressure 
exchanger as a gas-generating plant*. Power Jets (Research 
and Development) Ltd, Rept. No. 2258/Px 6, 1960. 

(19) Pfenninger, H. ‘Where the gas turbine will fit in future 

power fields’. Power 1947 91, 86. 

(20) Meyer, A. ‘Recent developments in gas turbines’, Mech. 

Engng 1947 69, 273. 

(21) Seippel, C. U.S. Patent No. 2 399 394 , 1946 . 

(22 ) Muller, M. A. German Patent No. 916 607 and No 

924 845, 1954. 

(23) Burghard, H. British Patent No. 19 421, 1913. 

(24) Berchtold, M. ‘The Comprex diesel supercharger’, S.A.E. 

Paper No. 63A 1958. 

(25) Berchtold, M. and Gull, H. P. ‘Road performance of a 

Comprex supercharged diesel truck’, S.A.E. Paper No 
1 18U 1959. 

(26) Berchtold, M. ‘Druckwellenaufladung fur kleine Fahr- 

zeug-Dieselmotoren’, Schzveizerische Bauzeitung , No. 
46, 1961 

(27) Faure, G. French Patent No. 935 362, 1948. 

(28) Spalding, D. B. British Patent No. 799 143, 1958. 

(29) Jendrassik, G. German Patent No. 1 030 506, 1958s 

U.S. Patent No. 2 946 184, 1960. 

(30) Spalding, D. B. ‘A note on pressure equalizers and divi- 

ders’, Power Jets (Research and Development) Ltd, 
Rept. No. 2251/Px 3, 1958. 

(31; Kentfield, J. A. C. ‘An examination of the performance of 
pressure equalizers and dividers’, Univ. Lond. Ph.D. 
Thesis 1963. 

(32) Hoge, H. J., Eichacker, S. S. and Fiske, D. L. ‘Studies of 

jet compression — I. Apparatus. Results with air at room 
temperature’, Trans. Am. Soc. mech. Engrs , J. Basic 
Engng , Series D, 1959,426. 

(33) Smith, W. E. and Weatherston, R. C. ‘Studies of a proto- 

type wave superheater facility for hypersonic research’, 
Cornell Aero. Lab. Rept. No. HF-1056-A-1, AFSOR 
TR 58-158, 1958. 

(34) Martin, J. F. ‘New tool for research’, Research Trends 1960 

7 (No. 4) (Cornell Aeronautical Laboratory, Inc., New 
York). 

(35) Weatherston, R. C., Smith, W. E., Russo, A. L. and 

Marrone, P. V. ‘Gas dynamics of a wave superheater 
facility for hypersonic research and development’, 
Cornell Aero. Lab. Rept. No. AD-1118-A-1, AFSOR 
TN 59-107, 1959. 

(36) Weatherston, R. C. ‘Hypersonic flight in the laboratory’, 

Research Trends 1959 7 (No. 2) (Cornell Aeronautical 
Laboratory, Inc., New York). 

(37) Carpenter, J. E. ‘The wave superheater hypersonic tunnel’. 

Research Trends 1963 (Cornell Aeronautical Laboratory, 
Inc., New York). 

(38; Benson, R. S. ‘One-dimensional transient flow in a pipe 
with two gases’. Engineer , Lond . 1956 292, 687. 

(39) Azoury, P. H. ‘Temperature discontinuities in a pressure 

exchanger of finite cell width’, Power Jets (Research and 
Development) Ltd, Rept. No. 2262 ; Px 9, 1961. 

(40) Burri, H. U. ‘Nonsteady aerodynamics of the Comprex 

supercharger’, A.S.M.E. Paper 58-GTP-15, 1958. 

(41) Spalding, D. B. ‘Theoretical considerations on leakage 

effects in pressure exchangers’. Power Jets (Research and 
Development) Ltd, Rept. No. 2224 ; x 47, 1956. 

(42) Kearton, W. J. and Keh, T. H. ‘Leakage of air through 

labyrinth glands of staggered type’, Proc. Instn mech. 
Engrs 1952 166, 180. 

(43) Whitehouse, J. A. ‘Frictional effects in a uniform shock 

tube and their examination by the method of charac- 
teristics’, Univ. Birm. Ph.D. Thesis 1954. 

(44) Owczarek, J. A. ‘Influence of viscous friction on a plane 

wave of finite amplitude in a compressible fluid’, Univ. 
Lond. Ph.D. Thesis 1954; 

Quart. J. Mechs and AppL Maths 1956 9, 143 (abstract of 
thesis). 

(45) Bakhtar, F. ‘Effects of wall friction and heat transfer 

in a uniform shock tube’, Univ. Birm, Ph.D. Thesis 
1956. 


41 


(46) Benson, R. S., Garg, R. D. and Woollatt, D. ‘A numeri- 

cal solution of unsteady flow problems’, Int. J Mech 
Sci. 1964 6, 117. ^ 

(47) ‘Pressure exchanger progress’. The Oil Engine and Gas 

Turbine 1964 32 (No. 371), 35. 

(48) Azourt , P. H. High-pressure and low-pressure scavenge in 

a pressure exchanger of finite cell width’. Power Jets 
(Research and Development) Ltd, Rept. No. 2263/Px 10, 
1961. 

(49) Knauff, R. British Patent No. 8273 , 1906 . 

(50 ) Berchtold, M. U.S. Patent No. 2 867 981, 1960. 



Journal of Basic Engineering/Transactions of the ASME 
September 1969, p. 361-370 


J. A. C. KENTFIELD 

Lecturer, Department of Mechanical 
Engineering, Imperial College of Science 
and Technology, London, England. 

Mem. ASME 


The Performance of Pressure- 
Exchanger Dividers and Equalizers 


Tests are reported which were carried out to establish the performance of pressure- 
exchanger dividers and equalizers using air as the working fluid . The effects of varying 
rotor speed , port geometry , and port pressure ratios were explored. It was concluded 
that, at low pressure ratios , pressure-exchanger dividers and equalizers are comparable 
m performance with their turbomachine counterparts. 


Introduction 

Results of tests enrried out on piessure-exehang 
intended for use as internal combustion engine supercharges 
etc., employing gas-generator-type cycles have been reported in 
the literature [1, 2, 3]. 1 In this paper a presentation is made of 
experimentally obtained results for two additional pressure- 
exchanger cycles suitable for other applications; namely, the pres- 
sure divider and pressure equalizer cycles. 

A divider is a machine in which an entering gas stream is split 
(or divided) into two outgoing flows, one having a higher and the 
other a lower stagnation pressure than the ingoing flow. An 
equalizer is, in essence, a divider with the flow direction of all 
three streams reversed. More detailed descriptions of press ure- 
exchangor divider and equalizer' cycles have been given bv Azourv 
[4] who also compared these cycles with those of analogous turbo- 
machines. 

A divider can be used as a pressure booster for which applica- 
tion the useful output is the high pressure stream. Attention 
has also been drawn to the possibility of using the low pressure 
stream leaving a divider as a low temperature sink for cooling 
purposes [4, o, 0]. An equalizer performs a similar function to 
an ejector or a turbocompressor unit in which the flows leaving 
the turbine and the compressor are at the same pressure [7] . 

Ihe prime reasons for choosing pressure-exchanger divider- 
()1 equalizers in preference to their turbomachine counterparts 
are to enable the benefits to be derived from the robust construc- 
tion and low rotational speed of the former. Naturally, such 
choices will be strongly influenced by the relative merits of 
the performances of the pressure-exchangers. 


1 Numbers in brackets designate References at end of paper. 
Contributed by the 1' luid Mechanics Committee and presented 
at the Winter Annual Meeting. New York, N. Y. t December 1-5, 
190S, of The American* Society of Mechanical Engineers’ 
Manuscript received at ASME Headquarters. August 19 190S 

Paper No. 68— WA/FE-24. 



In the program of work reported here l he per formal:. *4 a 

pressure-exchanger divider, operating as a pressure bo<>— i. and 
an equalizer wine investigated experimentally using air as the 
working fluid. The tests were carried out on a du;d-p urnr.se 
pi es.su i e-exchanger rig operable as a divider or equalize!. It was 
essential that the particular port arrangements chosen were such 
that conversion from one role to the other could be carried out 
at minimum cost. Fig. 1 shows the basic forms of divider and 
equalizer on which the tests were carried out. Jt can be seen 
from Fig. 1 that the only reversal in flow direction resulting from 
conversion was in the low pressure (LP) ports, the divider LP 
outlet corresponds to the equalizer LP inlet. Alternative divider 
and equalizer port arrangements to those chosen are possible [6], 


Nomenclature 

clq = velocity of sound at stagnation 
conditions (subscript identify- 
ing the flow is placed to the 
left of the “0”) 

flrer = reference velocity of sound 
l port = port area 

c p = specific heat at constant pressure 
m = mass flow 

M = axial component of Mach number 
4/ jt Q = dimensionless speed of rotor at 

mean radius of cells, — — 

flref 

N ~ speed of rotor, rpm 
P — static pressure 


P o = stagnation pressure; the sub- 

script identifying the flow is 
placed to the left of the “0 M 
7o = stagnation temperature; the 

subscript identifying the flow 

is placed to the left of the “O” 
u w = circumferential velocity of rotor 
at mean radius of cells 
0 = divider mass ratio, = 

7 = ratio of specific heats, = c p /c v 
r = equalizer performance parameter, 

= rillST Lo / rilnT HO 

rj = divider or equalizer overall isen- 
tropic efficiency 


p = fluid density based on average 
static conditions 

r = dimensionless time, = .rime X 
a re f)/cell length 

r c — width of cell in dimensionless time 
units 

T t — width, in dimensionless time 
units, of land between adjacent 
ports 

t ip ~ dimensionless time equivalent of 
port phasing angle 

Subscripts 

H, L, M = high, low, or medium pressure 
flow, respectively 




Tin* rig pressure-exchanger was equipped with variable port 
gev»nu*uy and with a variable speed drive to the rotor. It was 
found convenient to obtain a set of experimental results fur each 
geometry, at a fixed rotor speed, presenting the performance on 
a plane the abscissa and ordinate of which were stagnation pres- 
sure ratios [4, 6]. For the divider lines of constant j3 i = mu ! m. m) 
and line> of constant. Mach number (M.u) in the inlet ports were 
drawn on a P\ A Pm versus / J M(t P u 0 plane. The corresponding 
present at ion for the equalizer consisted of lines of constant 
wi.7’i.y thnTn„), and others of constant: Mach number 
Mu’ in the high pressure inlet ports, on a P u Pm versus 
P l- /hi- plane. It is a particular advantage of the chosen planes 
that constant overall pressure ratio (Pm/ Pun) is represented by 
families of inclined straight lines. It has been shown elsewhere 
;6 that tlte presentations contained sufficient information to 
represent adequately the performances obtained in the experi- 
ment.-. 

Test Rig 

The pressure-exchanger used for the experiments was designed 
by the sponsors of the project, Power Jets (Research A Develop- 
ment Ltd., and was specially conceived for testing divider and 
equalizer cycles. The design centered around a rotor of orthodox 
pressure-exchanger type. The rotor, which contained 30 
axially disposed cells, was 1 1 in. in length and 8 in. in dia. The 
clearance between the rotor and each end face of the stator was 
approximately 0.007 in. Provision was made to allow for rela- 
tive angular movement of the stator end faces, and also for alter- 
ing the relative port sizes by means of built-in variable width 
ducts at one end of the machine, as shown in Fig. 1. The rotor 
was driven by a variable speed d-c motor by way of a toothed 
belt drive and countershaft, the nominal design speed of the rotor 
was 6000 rpm. The electric drive insured that the operator was 
always in control of rotor speed. 

In order to make best use of the stator end plates three com- 
plete sets of high, medium, and low pressure ports were provided; 
six ports were, therefore, situated at one end of the machine, the 
remaining three at the opposite end. A photograph of the pres- 
sure-exchanger rig set up for divider tests is given by Azoury 
[4]. Fig. 2 shows the rig circuit. 

The air mass flow supplied to the pressure-exchanger was 
measured by means of an orifice meter. An orifice meter was 
also used to measure the flow in the divider LP outlet duct, 
flow leaving the duct was discharged into the atmosphere. The 
orifice meter was installed in the LP outlet duct in preference 
to the high pressure (HP) outlet because of the presence of the 
back pressure throttling valve in the latter, Fig. 2. The equalizer 
LP inlet flow was measured by means of a bell mouth meter 
attached to the upstream end of a short inlet pipe. The bell 
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Fig. 3 Limitations of the explorable rsgions in the divider and equalizer 
performance tests 


mouth also served to minimize the loss of pressure sustained by 
the LP stream drawn from the surroundings. Pressure and 
temperature measurements contributing to the test data were 
made in the ports and ducts. Substantially steady flow pre- 
vailed everywhere external to the cells so these measurements, 
which were made by conventional steady flow techniques, did 
not present any major difficulties. 

Limitations were imposed on the performance of the rig by 
the maximum compressed air mass flow available and by pressure 
losses in the ducts. For the divider arrangement the most 
serious pressure loss was that in the LP outlet duct. This loss 
had the efTect of elevating the pressure level in the LP outlet 
ports and, as a consequence, it shifted the maximum mass flow 
performance boundary further to the right on the P\ A /Pm 
versus Phq/Puo plane than would otherwise have been the case. 
The range of the equalizer performance field at Plo/P.mo — ’ * 1 
was limited by the pressure loss in the medium pressure (MPj 
outlet duct, the magnitude of this efTect increased with increasing 
mass flowx The explorable regions, on the divider and equalizer 
performance presentation planes are shown qualitatively as 
cross-hatched areas in Fig. 3. 

It appears that the pressure-loss restrictions on the performance 
of the rig could have been relaxed by fitting larger ductwork, 
etc. The 6-in. ducts used on the rig were, however, about the 
largest permissible within the compass of space and cost limita- 
tions. 

Results ol Experiments 

In order to generalize the experimental results and to assist 
their comparison with theoretical performance predictions, rotor 
speed, port widths, phasing angles, etc., have been expressed in 
dimensionless units. The dimensioned forms directly applicable 
to the Power Jets machine are also displayed on the presentations 
of the experimental performance results. 
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Fig. 4 Divider performance map, fixed geometry, Mf{ty = 0.14 7 (6000 
rpm) 


Because the divider MP and equalizer HP inlet stagnation 
temperatures were maintained at a unique value (==3 percent) 
throughout the whole series of experiments, it was therefore con- 
venient to use that temperature as the basis for the (constant) 
reference sonic velocity' in the dimensionless forms for rotor 
speed and port geometry. Dimensionless rotor speed, M nn t is 
defined by: 

where a rfi f ^ a mo for dividers, 

a ref = rtjio for equalizers. 



Xote: For all experiments ~ r/im « 1 loo fps. 

Port widths, phasing angle, cell width, etc., are expressed in 
terms of dimensionless time r. A r value of unity is the dimen- 
sionless time taken for an acc.oustie wave to travel the length of 
a cell at the stagnation sonic velocity « re f. A port width in terms 
of r is therefore the dimensionless time required for a point on 
the rotor to pass the port opening; this is clearly a function of 
rotor speed. Another consequence of the constancy of the refer- 
ence temperature was that, dimensioned speed (.V rpm could 
be used as a performance parameter instead of the X\/l\ form. 

A problem arose in the interpretation of the stagnation pres- 
sures in outlet ports. Appreciable nonuniformities of velocity, 
and therefore of stagnation pressure, were found to exist, the 
nature of which depended upon the port geometry and test condi- 
tions. Such nonuniformities are well known in pressure-exchang- 
ers and are caused by wave events within the rotor; they are 
generally predictable by the method-of-characteristics [4]. 
Accordingly, the stagnation pressure in each outlet port was 
established from knowledge of the mass flow and the average 
port static pressure by substitution in the well-known isentropk 
relation : 


Po = P 


(r-i) 


0 ) 


where P is the average static pressure in the port. 

M is the average Mach number based on the port mass flow 
and average static conditions; thus, 




rpm) 


It may he shown that 5 0 obtained in this way is a close approxi- 
mation of the valuf hich would prevail, at a star ion across 

which the condition re uniform, if the port momentum and 

mass flow are conserved in a frictionless duct of the same cross- 
sectional area as the port [6]. 

Divider. Because each test was carried out with a fixed geoinetiy 
and at a constant speed, each set of results was plotted on the 
Plo/Pmo versus P m /P plane. Pictures of the effects on per- 
formance of changes of geometry or speed were, therefore, com- 
piled by cross-plotting from the Plq/Pmq versus P u. Py t pre- 
sentations. Figs. 4 and 5 are typical of perfonna!«<-p presenta- 
tions for fixed geometry and constant speed. 

The effect of changes of t v oil performance when port width 
ratio and rotor speed were maintained constant at d/p.. = 0.147 
(6000 rpm) is shown in Figs. 0 and 7. The enten-n <4 merit 
on the diagrams, which were each drawn for a spanned overall 
pressure ratio Pm'P\. o, is the maximum Pun /\: attainable 
with a given value of (3. It is, therefore, clear that the be>t per- 
formance was obtained with r.u = T\, — B~>7. I lie optimum 
phasing showed a tendency' to decrease as Pud/ P lo w as increased, 
optimum r ,p. being about 0.04 when P\\o^P\.o — I T and ti.K4 
when Puu/PiA) = 1.0. A tendency for r ^ to incrm.M' a- 3 de- 
creased was also slightly in evidence. The absence < *i any great 
sensitivity in the effect on performance of small change- in either 
port widths or phasing is noteworthy.' 

Fig. 4 shows the best (fixed geometry) divider performance 
obtained from the experiments. The medium and Dw pressure 
widths were tm = t j, = l.”w, the phasing was r ^ = 0.84. Fig. 
4 displays, in addition to contours of j 6 and Mm. lines of mu- 
st ant 17. These were evaluated from the relationship: 

Li “ (Plo/Pmo) 7 J 

7 ] is the equivalent of the product of the isentmpir efficiencies 
of compression and expansion in a turbomachine analogy ot the 
divider [4]. Therefore 17 is a criterion of merit of The perform- 
ance of the divider, a criterion which allows the divider to be 
compared directly with a turhomachiue alternative. A deriva- 
tion of equation (3) will be found elsewhere [Oj. 

Figs. 8 and 9 present, over a range of rotor spec Is. the per- 
formance of the machine at what was found to be the optimum 
(dimensioned) geometry at Mm) = 0.147 (6000 rpm), that is 
with a phasing angle = 24 deg, MP = BP port width = 4o deg, 
IIP port width = 48 deg. Because port widths, etc., expressed 
in terms of dimensionless time are directly proportional to the 
angle subtended, and inversely proportional to rotor speed, the 
dimensionless geometry applicable to Figs. 8 and 9 is not inde- 
pendent of rotor speed; curves of dimensionless geometrical prop- 
erties are superimposed in Fig. 8. 

It can be seen from Figs. 8 and 9 that the performance alters 
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Fig. 8 Divider performance vacation with rotor speed, fixed geometry, Pho/Plo — 1.3 
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Fig. 9 Divider performance variation with rotor speed, fixed geometry, Pho/^Lo = 1.6 


but little between Mro ~ 0.135 (5500 rpm) and M rq = 0.147 
(6000 rpm), and worsens as the speed is raised above or re- 
duced below these limits. At Mrq = 0.008 (4000 rpm) the 
performance had depreciated to such an extent that the pressure 
rise, for a given value of was only about half that obtained 
when Mrq = 0.147. This point is clarified by comparing Fig. 
5, the performance on the Pm/ Pm versus Pm/ Pm plane at 
Mrq = 0.098, with Fig. 4. 


The accuracy of the divider experiments was estimated to 
correspond, in effect, to a maximum uncertainty in the value of 
(3 of approximately ±0.04. Uncertainties of lesser magnitude 
prevailed for values of approaching zero and approaching unity. 

Equalizer. The results of each complete test to determine 
equalizer performance characteristics with fixed geometry at a 
constant speed, were displayed on the Pm/ Pm versus Pi^/Pm 
plane; Figs. 10 and 11 are examples of this presentation. As for 








Pig- 10 f ; jlizer performance map, fixed geometry, Mr, — 0.135 

(5500 rpm) 


thr divider, the effort.- mi performance of changes of p»>n geom- 
etry or rotor speed were determined by cross-plotting from the 
h\ed geometry, constant speed, experimental result.-. 

I" ig-. 12 and 1*3 show the effect on performance of variation 
ot phasing r^, when the overall pressure ratio 7 j h, P and rotor 
-peed are maintained eon-taut. For Fig. 12 / J H . l\ h — 1.3, 
o'! F ig. 13 Pi in P i,i, = 1.0; for both cases the rotor -peed eorre- 
-p"inled to Mi ti ) = 0.133 (3300 rpm). Separate curves are 
-hown on each diagram tor HP port widths ranging from T\i — 
F4S to Tii = 1.U4. The best geometrical arrangement for any 
prescribed and of course overall pressure ratio, i- that which 
produced the lowest Pj„ Pur,. 

From an examination of Fig. 12 it can be seen that the best: 
pi >rt width is t h = 1.04 with t ^ — 0.03 when 0 = 0. changing 
to r l{ = 1.71) with t<- - 1 .00 when f = 1.0. Fig. 13 -hows that 
the best performance? i> obtained when th = 1.04 with = 0.03 
" l! C = 0, changing torn = 1.4N with = 0.70 at 'C - 1. 

P was concluded from Figs. 12 and 13, that, for M Rt) = 0.133, 
very little loss of performance was incurred over the range of 
pre>-ure ratios explorahlo. if the geometry were fixed with an 
HP port width given by m - 1.70, when = 0.01. The per- 
f< ■nuance with this geometry for M I(0 = 0.133 is shown on the 
P a • P mo versus P^,, ‘ P±u> plane in Fig. 10. This was the best 
performance, at fixed speed and geometry, revealed by the 
equalizer tests. Contours of isentropie product efficiency rj 
have been added to the diagram; it may be noticed that the 
maximum efficiency occurs fairly close to the P M0 = 
P[.- P mo = 1 origin. The isentropie product efficiency serves a 
sum! at purpose; namely, in permitting direct comparison with a 
turbomachine analogy, for both equalizers and dividers. For 
equalizers rj is given by [6] : 


V = f 


r 2 - i 

i(Pm/Pi.o) 7 - lj 

y-l~ ’ 

_1 - (Piu/Pm) 7 


(4) 


Equation (4) is restricted to cases in which y and r p are the same 
for both the primary and secondary flows. 

Figs. 14 and 15 show the performance of the equalizer arrange- 
ment over a range of rotor speeds between M R 0 = 0.10 and M R0 — 
0.13, the latter being the highest speed attainable with the Power 
Jets machine working as an equalizer. The overall pressure 
ratios applicable to Figs. 14 and 15 are P no /P lo = 1.3 and 
Pho/Plo = 1.6, respectively. Both diagrams were constructed 
for a fixed geometrical arrangement giving optimum perfor- 



Fig. 1 1 Equalizer performance map, fixed geometry, Mr:. = 0.098 
(4000 rpm) 


mance in the .!//«) = 0. 123 to 0.1 35 speed range, that i-. wffh an H F 
port. width = 47 deg, LP port width — 43 deg, MP p«-rr width =■ 
4S deg, with a phasing angle of 24 deg. The <•< -iTe-pi aiding 
dimensionless form of this geometry has been pinned, ever the 
appropriate speed range in Fig. 14. 

From Figs. 14 and 13 it can be seen that the be.-t nm.r -peed 
is approximately J//« = 0.13. Tliere is a slight tendency, notire- 
aide in both diagrams, for the optimum speed to imuea-e -lightly 
as f increases. 

Fig. 11 shows the performance, on the Pnr, Pm 0 vei- ;- P o Pm., 
plane, at the low speed extremity of the curves >ii«>wn in Fig- 
14 and 13. Fig. 10 displays the performance char :i < * ei is: jr- ft 
Mr it = 0.133; this contributes some of the best rc-ui‘- appearing 
in Figs. 14 and 13. 

The estimated accuracy of the experimental re- m- f«»r the 
equalizer was such that it corresponded to a maximum uncer- 
tainty in f of approximately ±4 percent. 

Concluding Remarks 

The experimental results for both the divider pro- ;re booster 
and equalizer cycles showed that the regions of greatest piodm* 
efficiency were located at values of Pho/Pmo and Pi P. m„ fairi- 
close to unity. These maxima, which were roughly cemparnhn 
with values of product efficiency obtainable from t ut 1 *» ‘machines, 
were approximately r) = O.fi and rj ~ 0.7 for the divider an«K 
equalizer, respectively. There was no real indication in any of 
the divider or equalizer experiments that the region.- nf maximum 
efficiency could be moved appreciably by changing any of the 
experimental variables. The experiments also showed that the 
best performances were not, in general, sensitive to small changes 
in speed and port geometry. 

It can be concluded, therefore, that pressure-exchanger 
dividers and equalizers of the types tested experimentally are 
feasible for operation at low pressure ratios and, for this condi- 
tion, the performances obtainable are competitive with those of 
turbomachines. The use of a pressure-exchanger allows ad- 
vantage to be taken of its robust construction and low rotational 
speed. 

More information could have been obtained from the experi- 
ments had it been possible to explore the effect of varying the 
width of the divider high pressure, or equalizer medium pressure 
outlet ports. The width chosen for these ports was, however, 
a reasonable compromise based on a method-of-characteristics 
analysis of the requirements of each cycle. 

Theoretical analysis shows that a somewhat superior divider 
pressure boosting performance should be obtainable with an 
alternative port arrangement resulting in waves of reduced 
strength. Both dividers and equalizers can, in principle, be 
compounded to operate at higher pressure ratios than single- 
stage machines [6J . 
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DISCUSSION 

P. H. Azourf 

In remit years, (here has been a steadily growing interest in 
pressure exchangers of the orthodox rotor type considered by Dr. 
Kentfield. His present contribution to the field is most welcome. 

It is well known that, for optimum performance, simple 
.-ingle-stage pressure exchangers of the type just mentioned must 
operate at overall pressure ratios less than about 2.5. Dr. 
KentfiekJ’s experimental analysis has shown that the most ef- 
ficient running of pressure-exchanger dividers and equalizers 
occurs with overall pressure ratios of the order of 1.4. There is 
no doubt that these units, when compared with conventional 
uirbomachines and steady-flow ejectors, can find applications 
where their erosion-resistance potentialities and or their superior 
cflieieney renders them highly attractive or even uniquely 
suitable. The lowness in overall pressure ratio, however, is 
restrictive and simple means must l>e found for displacing 
i he region of maximum efficiency to higher working pressure 
ratios. Dr. Kentfield has mentioned compounding as one possi- 
ble means and has suggested elsewhere [4 ] the use of feedback 
duels a> another. I would welcome Dr. Kent field's comments on 
the relative merits of these two methods in the light of the 
potential commercial applications of the units. 

Dr. Kentfield has already presented a performance estimate of 
the equalizer as a thrust augmenter using the elflux of a nonafter- 
burning turbojet engine as a source of driving fluid, the driven 
fluid being air entrained from the atmosphere (4j. It appears, 
however, that a more promising application of the equalizer 
would be as a thrust augmenter for an afterburning turbofan, in 
which case it should be possible for the equalizer to benefit 
siun ill uneoiisly from its higher efficiency, as compared to the 
stcady-flow ejector, at tin 1 relevant driving pro-ure ratios of the 
older of 1.5, and the increased driving gas temperature. Esti- 
mate.- of gains in augmentation ratio due to elevated driving gas 
temperatures and of additional improvements in performance 
with higher driving pressure ratios by means of compounding or 
by the use of feedback ducts would be of iniere-t. 

J. A. Barnes-' 

The author is to be congratulated for Ins clear presentation of 
the operation and potentialities of pressure-exchanger dividers 
and equalizers. 

/ft 1 mentions in his Introduction that the low-pressure* flow 
di: eel ion is the only one that reverses in t lie change from opera- 
tion from divider to equalizer. Could he say anything about 
t he effect ( >f t his on : 

1 The losses in this port, which in the rig can only be angled 
correct ly for one inode of opera! ion? 

2 The power absorbed by the rotor? 

Turning to the performance maps Figs. 5 and 10, it is seen that 
the peak values of isentropic product efficiency are quite high — 
it would be difficult to better these values with turbomaehinery 
with rotors of similar size. However, these high values only occur 
at modest pressure ratios and, for example, the pressure equalizer 
would appear to be unable to compete with an ejector under the 
conditions of high-pressure ratio at which the latter is usually 
required to work. On the other hand, the pressure divider would 
seem to offer a convenient way of taking fuel gas for use at low 
pressure from a pressurized pipeline; in this case the user, in tak- 
ing his requirements, performs the service of boosting the pressure 
of the rest of the gas! 

As the gas and rotor peripheral velocities involved arc low, it is 
evident that these machines can be inherently robust and in- 
sensitive to erosion, 

2 Associate Professor of Mechanical Engineering, American Uni- 
versity of Beirut, Beirut, Lebanon. 

3 Imperial College, London, England. 


Author's Closure 

The author wishes to thank the discussers for their comments. 

Concerning Dr. Azoury’s point regarding the relative merits of 
feedback ducts versus compounding, compared with compounding, 
the prime virtue of feedback ducts is their. simplicity. Asa means 
of modifying pressure-exchanger performance characteristics 
feedback ducts sutler from the disadvantage that they are onlv 
effective in certain circumstances. The writer would, therefore, 
choose feedback ducts as an alternative to compounding for 
specific cases only, a particular example being the application to 
equalizers suggested in [4] . 

If an equalizer were employed as a thrust augmenter in a duct- 
burning, or after burning, turbofan engine the thrust augmenta- 
tion ratio attainable at the suggested driving pressure ratio of 
1.5 would be approximately 1.0 with flow at- a temperature of 
3600 deg It supplied to the equalizer high pressure ports. The 
augmentation ratio would be reduced to approximately 1.5 by 
lowering the temperature of the high pressure flow to 2und deg K. 
Internal cooling of the equalizer would be by the entrained low 
pressure How which was assumed to enter the equalizer at 540 
deg It. 

In reply to Mr. Barnes, none of the ports at the J.P end <4 the 
pressure-exchanger were angled in order to avoid complicating 
the variable geometry rig and also because of the flow reversal 
referred to by Mr. Barnes. Ir was, therefore, assumed dear all 
whirl was given to incoming Hows by the rotor, some of die power 
.supplied by the driving motor being used for tlii- puip"--. A 
term equal to the whirl component of pressure wie -uinrarmd 
from the measured pressure of each of the outgoing flow- in order 
to compensate for this work input. This correction \va- -mall 
due to the low rotor speed. Despite tin* correction, die eflVrts 
resulting from poor flow in the region of the pori> remained and 
it. should be possible to obtain slightly improved performance 
characteristics with correctly angled ports. 

The suggestion that the divider could be used a> a device for 
alleviating pressure losses in natural gas distribution main* ap- 
pears to be an excellent one. Two ways in which a divider could 
be incorporated art* presented in Fig. 16. In both diagtarn- gas 
flows from a supplier A to eon.-umers !> and (\ C’on-utmT 
draws gas, via a governor V h tapped from the main at a point be- 
tween A and li. fn both schemes some of the pie-- lie drop 
which, without a pressure boo-ter, would occur aero-- die g<>wr- 



C 

Fig. 16 Divider installation in gas mains 
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Fig. 17 Synthesized performance characteristics of a turbomachine 

divider, - = 1.4 


nor \i takes place in the divider with the beneficial result that the 
pressure of the supply to B is boosted thereby compensating for 
pressure losses in the main. Consumers B and C may be indi- 
vidual premises, commercial undertakings, or communities. 

The arrangement shown in the upper portion of Fig. 16 should 
prove adequate for some applications, for example when C al- 
ways takes a large proportion of the flow. The lower diagram il- 
lustrates a more flexible installation able to cope with a very wide 
range of demand by C. The double sealing automatic va!\ 
F 2 , serves to ensure correct operation of the divider at start up 
and also that the full benefits of the divider will be realized when 
it is operating. The rotor of the divider could be driven by an 
electric motor, possibly controlled by a pressure switch connected 
to output C, or it could be made self-driving by appropriate an- 
gling of the inlet port. 

The gas main pressure booster application is not one that 
appears to be suitable for a turbomachine counterpart of the pres- 
sure-exchanger divider. Fig. 17 shows a performance map syn- 
thesized from the performance characteristics of a centrifugal 
compressor and an axial flow turbine, both of fixed geometry, ar- 
ranged as a divider. This configuration is comparable to the 
pressure-exchanger divider in complexity. A comparison of 
Fig. 17 with Fig. 4. a fixed geometry pressure-exchanger divider 
performance map, -hows that the pressure-exchanger has greater 
operational flexibility than its turbo-machine counterpart. The 
lines of constant in Fig. 17 should be compared with the 
constant contour- of Fig. 4. The mass flow has been 
normalized by reference to the design point mass flow. 

The u-e of natural gas instead of air as the working fluid is not 
expected to modify greatly the performance characteristics of ’ e 
divider. 
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ABSTRACT 


Potential applications of wave rotors as turbomachinery components are reviewed. Investigations and development efforts which have been 
conducted over the past forty years have identified a number of areas for which the wave rotor appears to have unique operating characteristics 
relative to conventional turbomachinery. The potential impact of wave rotors in these applications, associated wave rotor configurations, and 
the status of wave rotor concepts that have been s died are evaluated and summarized. 


INTRODUCTION 

Wave rotors are high throughput, axial flow 
machines that perform the dual functions of 
compressors and turbines in a single rotor. These 
devices are based on direct contact between high and 
low pressure working fluids to transfer work between 
them via unsteady compression and expansion waves. 
They exhibit superior wall cooling capabilities, 
allowing them to operate at higher peak cycle 
temperatures compared to advanced gas turbines. When 
combined with good component efficiencies, wave rotors 
can perform a significant role in modern turbomachines 
as an efficient, high pressure topping stage to 
improve their overall performance. 

Claude Seippel first introduced the notion of a 
wave rotor as a topping stage in 1949 for a locomotive 
gas turbine engine [1], While somewhat crude and 
inefficient, this combined cycle device functioned and 
provided the first success for this type of 
application. Over the intervenin^^years , a wave rotor 
concept called the Comprex has undergone 
considerable development by the Brown-Boveri Company 
[2]. Even though the Comprex is designed for 
supercharging Diesel engines, it performs basic 
functions similar to that desired in the topping cycle 
applications To increase the gas pressure before 
adding the heat of combustion, thereby increasing the 
amount of work that can be extracted from the cycle 
per unit mass flow of air. 

In the locomotive topping cycle application, the 
wave rotor takes partially compressed air ( from a 
conventional axial flow compressor, for example) and 
raises its pressure still further. This air is 
transferred to a combustor, which heats the gas to the 
peak cycle temperature. In one version of this cycle, 
the hot combustion gas flow is split, with the highest 
temperature part of it re-entering the wave rotor 
(called a pressure exchanger) to perform the work of 
compressing the intake air, and the other part of the 
combustion gas is sent at somewhat lower temperatures 
to drive a conventional gas turbine. The net effect 
is a higher pressure, higher temperature cycle which 
is thermodynamically more efficient. In a second 
version of this cycle, a different kind of wave rotor 
(called a wave rotor/turbine) processes all of the 
combustion gas internally, both to compress the 
incoming air and to extract shaft power. 

A host of other applications of wave rotor 
technology have been considered since Seippel 's first 
machines. These include the basic concept of the wave 
rotor as a topping cycle applied to stationary 
electric power plants [3/4], to marine gas turbine 
propulsion units, and to aircraft turbine engines 


[5], In each of these cases, exploratory research 
and, in some cases, initial developmental research has 
been carried out. These efforts, described below, 
throw an interesting light on the unique attributes of 
this technology and form the basis for more recent 
developments that have led to its consideration for 
small gas turbine aircraft engines . 

The unifying theme of the applications and 
development history reviewed here is the use of the 
wave rotor in which there is a competition between an 
additional component (with its finite component 
efficiency) and the potential increase in peak cycle 
temperatures and pressure which determines the final 
cycle efficiency. There are cases in which the 
benefits are considerable and others in which the 
addition of the extra wave rotor component is clearly 
a debit. A somewhat different, but equally 
interesting, perspective on gas turbine applications 
of wave machines is given in the 1973 review by Jenny 
and Bulaty [6]. Many of their conclusions are echoed 
here and strengthened by calculational developments 
and new test data obtained in the last ten years. 

STATIONARY POWER SYSTEMS 

Thayer and his co-workers have reviewed the 
utility applications of the wave rotor to gas turbine 
topping cycles, to MHD cycles, and to pressurized, 
fluidized bed ( PFB ) power systems [4], These examples 
represent three distinct advanced power systems which 
utilize wave rotor technology. The first of these 
three appears to offer a significant advantage in 
cycle efficiency. All three applications increase the 
plant reliability (e.g., by reducing turbine wear) and 
show the potential for cost savings . 

The use of the wave rotor as a high temperature 
expander was examined for stationary power plants by 
Weather ston and Hertzberg [3]. They observed that a 
nearly isentropic series of compression and expansion 
processes could be achieved for transmitting work from 
the higher pressure gas to the lower pressure gas when 
the two gases are impedance matched; that is, if their 
molecular weights are chosen in proportion to their 
respective temperatures. They also developed the 
basic system layout for the topping cycle applications 
involving the wave rotor as the high pressure stage, 
producing a closed loop, high pressure flow of steam 
to a power take-off turbine. Their work was recently 
updated by Zumdieck et al . [7] who investigated this 
same application to combined cycle/coal gasification 
plants. Subsequent calculations indicated that a 
substantial gain in overall cycle efficiency could be 
achieved when a wave rotor was used in an open cycle 
mode with the use of clean fuels. Also, the wave 
rotor and the accompanying power turbine both couia 
use present-day metallurgy even though the peak cycle 
temperatures were well above the capabilities of 
current turbine cooling technology. These results 



confirm the benefits of the wall cooling capabilities 
of the wave rotor to advance power systems to higher 
peak cycle temperatures with a minimum (or zero, in 
this case) of materials development. 

In the MHD application, the wave rotor i3 used 
as a high temperature compressor. Normally, high 
cycle temperatures would be reached by regenerative 
heating and the use of oxygen- enriched air. By 
regeneratively heating a lower pressure gas and then 
compressing the heated gas to high pressure with the 
wave rotor, a savings in oxygen enrichment is achieved 
and the regenerative heat exchanger can operate at 
lower materials temperatures. In this instance, the 
wave rotor would be driven by high pressure steam from 
the bottoming cycle. Work addition to produce high 
pressure steam is accomplished very efficiently by 
compressing water, after which waste heat from the MHD 
generator is used to turn the water into steam. In 
this particular application, the wave rotor acts as a 
form of heat pump, driven by a waste heat Rankine 
cycle. The peak outlet temperature of the wave rotor 
cm be higher than that available from conventional 
compressors because of its inherent wall cooling 
characteristics. That is, the wave rotor walls are 
approximately at the mean of the steam and the air 
temperatures flowing through it. 

Wave rotors have been developed for a similar 
application using high pressure helium to compress air 
to very high temperatures in the CAL Wave Superheater 
[s’. The wave superheater was a large wave rotor 
approximately 5 feet in diameter. It operated under 
extreme pressure and temperature conditions and could, 
therefore, only endure relatively short run times. 
The application envisaged for the MHD compressor could 
ocerate continuously at a somewhat lower temperature 
with essentially the same technology that was used on 
the CAL Superheater in the late 1960s. More recent 
design and materials improvement would provide an 
efficient wave rotor for this application. 

The use of a wave rotor in a PFB power plant is 
to protect the turbine from the particulates in the 
hot combustion gases [9], Usually several stages of 
hot gas cleanup are required before the gas can be 
expanded in the turbine to extract power . These 
cleanup stages are expensive, and they also reduce the 
work available in the combustion gas by dropping the 
pressure . Even after the gas cleanup, the particulate 
levels are still high enough to considerably shorten 
the blade life of the turbine. Part of the difficulty 
lies in the metal temperature of the turbines, which 
permits scouring by the particulates. Also, in order 
to extract work with a turbine, the gas velocity must 
change direction as it passes over the blades. The 
particulate velocity tends to lag these directional 
changes, causing particulates to strike the blade 
surface. In contrast, the wave rotor wall temperature 
will be lower than the turbine’s under the same gas 
inlet conditions, implying a lower damage level. The 
wave rotor does not change the gas velocity direction, 
so that particulate also will not strike the walls as 
often. The net effect is a vastly reduced particulate 
erosion rate and an extended component lifetime. It 
also is possible to maintain or slightly increase the 
overall cycle efficiency by using the wave rotor, 
since some of the pressure drop associated with the 
cleanup loop can be eliminated. 

In summary, the stationary power applications 
hold considerable promise, especially at higher cycle 
temperatures where the power plant efficiency will 
show the greatest gains. Both high efficiency wave 
rotors and high temperature, high pressure wave rotors 
have been demonstrated separately, but not yet in the 
same device. In the propulsion applications described 
below, the goals are different but the wave rotor 
requirements for combined high component efficiency 
and high temperature operation are much the same . 
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PROPULSION APPLICATIONS 

There are two main reasons for using wave rotors 
for aircraft engines. The first reason - a relatively 
high component efficiency in a device that is 
automatically cooled at high temperatures - has been 
partly realized. The high temperature capability has 
been achieved with the high temperature materials 
available at each stage during the history of wave 
rotor development, and high component efficiency has 
been demonstrated (e.g., at M5NW) for low temperature 
operation. The absence of blade tip losses can 
maintain the wave rotor component efficiency, even for 
small engines, provided that leakage at the face of 
the rotor is minimized . 

The second reason is the capability of very fast 
wave rotor response to external throttle conditions, 
allowing a wave rotor turbine engine to operate much 
closer to the compressor stall line. This benefit has 
been much harder to quantify because there still is no 
adequate model for the transient operation of wave 
rotors. However, its realization would mean that high 
performance engines can be upgraded for better cruise 
conditions, and engine reliability can be increased 
against inadvertant or sudden pressure fluctuations 
(e.g., at start-up or transition to dash). 

Wave rotor turbine engine research was 
especially concentrated in the mid-1950s to late 
1960s. During this period, aircraft turbine engines 
rose to prominence, achieving large advances in 
component efficiency and reliability. This feat was 
accomplished by metallurgical advances and by 
efficiency improvements. Those advances were made 
possible by designs which treated the turbines and 
compressors as steady flow systems, albeit with some 
Important transient effects, such as compressor 
stall. The steady flow assumption vastly simplified 
the design problems and allowed much of the progress 
that occurred at that time. 

The wave rotor, also in its infancy in the early 
1 950s , is patently an unsteady flow device. 
Consequently, it was much more difficult to understand 
and to design. Similar to other new technologies, 
there were a multitude of wave rotor configurations 
under consideration at that time, which compounded the 
problem of deciding which approach was the most 
appropriate for any individual application. 

In retrospect, the historical choice to favor 
axial flow turbine and compressor research at the 
expense of wave rotor research seems obvious because 
the payoff was high and the perceived costs, in terms 
of relative design simplicity, were lower. 

Recent advances make it worthwhile to reconsider 
the use of wave rotors for aircraft turbine engines. 
These advances include improvements in computational 
fluid dynamics, the acquisition of critical new 
experimental data on wave rotor performance, and the 
fact that advanced turbine engine performance is 
constrained more than ever by high temperature 
materials development. 

One of these advances involves the development 
of computer flow simulation codes, which allow very 
accurate prediction of wave rotor performance. One of 
these has been verified by detailed data taken at the 
MSNW wave rotor test facility. This code has been 
used to speed up modifications of the original wave 
rotor designs to make them more efficient. That 
efficiency increase has been measured in subsequent 
wave rotor tests. The capabilities of this vastly 
improved computational technique overcome one of the 
primary causes of failure (i.e. t slow, burdensome 
design optimization) in earlier efforts. 
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The Comprex development by Brown-Boveri also has 
established the fabrication techniques for wave rotors 
in commercial quantities, With the fast computational 
design codes and the Brown-Boveri technological 
advances for wave rotors, it is time to look again at 
applying these devices to those aircraft applications 
where they may have their greatest advantage; namely, 
to small, low cross section, long-range engines and to 
high maneuverability engines. 

THE KLAPPROTH ROTOR 

Over a period of 8 to 10 years. General Electric 
( GE ) considered several wave rotor configurations in 
the context of advanced turbine engines. The engines 
considered were primarily turbo-props. They carried 
out an extensive experimental and analytical program. 
Both pure pressure exchange and shaft work output wave 
rotors were investigated. The former took the form of 
a device very similar to the modern Comprex device; it 
had straight tubes parallel to the rotor axle. The 
second device, which we have dubbed the Klapproth 
rotor since it survives to this day and was associated 
with Klapproth ’ s efforts in the GE research program, 
has helical tubes which are capable of receiving 
impulsive thrust from the inlet gas flows and which 
can deliver reactive thrust from exit gas azimuthal 
velocities different from the rotor tip speed. 

Xt appears that each of these rotors succeeded 
to a certain extent; namely, to validate the 
compression and expansion processes occurring with 
each cycle on the rotor. But the Klapproth rotor in 
particular apparently never succeeded in producing 
significant shaft work output. In this mode it would 
have operated as a compressor-turbine combination with 
a combustor to* add energy to the compressed air flow. 

At that time it took a gas dynamicist many days 
to generate a wave diagram describing the internal gas 
flows for a wave rotor. This was accomplished via 
painstaking hand calculations using the method of 
characte rist ics . Even the smallest design change 
would require a recalculation, with a delay while the 
new flows were calculated. These calculations were 
supplemented by some excellent and complex water table 
experiments which could simulate some of the 
t ime -dependent and design-dependent aspects of wave 
rotors . However, there was a basic lack of empirical 
data and a lack of understanding of how these devices 
actually behaved because of inadequate modeling . 

For example, throughout this period (and even to 
this day) there has been a temptation to assume that 
the waves could be drawn with zero width, as if they 
were generated at a discrete point in time and space 
and did not spread or deform later in time . Little 
recognition was given to the need to account for 
several internal reflections of these waves in order 
to properly calculate the flow magnitudes . One of the 
most important inconsistencies which appeared in early 
studies was that steady flows in the manifolds 
external to the wave rotors could be achieved without 
also requiring that the wave patterns used in the 
design be periodic with each revolution. As a result 
of this last assumption, the design calculations 
generally mis-estimated the actual performance by a 
substantial amount. 

When each of these design requirements is taken 
into account, there is good reason why some of the 
initial rotors did not always perform satisfactorily. 
With the aid of modern computational techniques, the 
design, for example, of the Klapproth rotor, can be 
improved . 

THE ROLLS-ROYCE ROTOR 

Rolls-Royce (R R) has carried on an experimental 
wave rotor test program and a parallel analytical 
effort. Consultants to Brown-Boveri assisted RR in 
this latter effort, carrying out some of the numerical 


calculations required to generate the wave diagrams 
and rotor designs. As in the GE case, these 

calculations were performed by hand and each design 

took several weeks to complete. The RR program began 
in the 1960s and perhaps lasted as late as 1972, when 
the company went into receivership and was taken over 
by the government. Clearly, the loss of revenue at 
that point stopped various research efforts, some of 
them successful and some of them relatively high 

risk. The wave rotor program was no exception; 
however, they were successful in closely approximating 
their design goals before the program was cancelled. 

While available data is sparse, the Rolls-Royce 
rotor( s ) were evidently pressure exchange wave rotors; 
in fact, at least one of them was related to a 
Brown-Boveri Comprex with similar manifolds (though 
different placement) to those used with the Diesel 

supercharger. The application appears to have been to 
a gas turbine cycle with a wave rotor high pressure 
stage ? a topping cycle, similar to that described by 
Bercht i and Lutz [10] in their papers. Test data 
was te, n to verify the performance of this device. 
This dcj_a included mass and energy flows for each of 
the manifolds and some measure of the gas leakage, 
which was difficult to control and, from their 
viewpoint, precluded the achievement of the pressure 

ratio they were looking for. In a later development, 
they were able to reconcile the predicted performance 
with measured data. 

To conclude, the RR device operated nearly 

according to their predictions. However, they also 
suffered problems regarding the difficulty in 
understanding the gas flows and in developing 
optimized designs for their wave rotors. They 
identified leakage as a significant mechanical design 
problem in their experiments. 

It would be very valuabxe to be able to 

scrutinize more of the RR wave rotor experience. 
Details on the actual performance measured and their 
assessment of technology problems would add to our 
understanding of what needs to be done to make a 
successful wave rotor. In balance, they achieved 

definite, positive performance results. 

THE PEARSON ROTOR 

In the mid-1950s, the Ruston-Hornsby Turbine 
Company supported the construction and testing of a 
different kind of wave rotor designed by Ronald 

Pearson. The blades of this device had long helical 
sections and cambered ends. That is, the blades or 
tube walls were bent somewhat at each end, which 
changed the direction of the gas flows more like a 
conventional turbine blade. However, the Pearson 
rotor was very much a wave rotor since part of the 
cycle was devoted to compressing the inlet air while 
the rest of the rotor cycle utilized the expansion of 
the exhausting gas (heated by an external combustor) 
to extract shaft work. 

Based on experience with a smaller prototype 

rotor, the Pearson wave engine was designed and built 
in less than a year, and it produced shaft power from 
the first moment it was fired up. In this regard, the 
Pearson rotor was singularly successful. It operated 
over a relatively wide range of off-design conditions, 
producing net shaft work in the range of 5 to 35 
horsepower, which was very close to its projected 

operation . 

While Pearson also had to perform many tedious 
wave diagram calculations by hand, he had adopted a 

more modern design philosophy from the start. First, 

he recognized that the wave system must be periodic 
and enforced that condition in all of his 

calculations. Second, he accounted for all of the 
internal wave reflections and, in many instances, 
designed extra ports whose purpose it was to control 



and/or cancel these reflected waves. He also took a 
fundamental approach to guarantee that his wave 
diagrams would produce net work output; that is, the 
pressure, mass flow, and temperature conditions 

imposed as boundary conditions on the wave diagram 
calculations were prescribed in such a way as to 
produce net work. 

The Pearson rotor was advanced for its time in 
terms of using abradable seals which could be held to 
close clearances and in the brazed construction of the 
rather convoluted rotor tubes. The bearings required 
special attention, and the thermal expansion of the 
rotor components was very carefully considered. 

The wave rotor experiments were clearly outside 
the norm for projects at Ruston-Hornsby and were 
promoted by one of the directors of the company who 
took a special interest in Pearson’s device. As a 
result, the project was considered expendable and, 
when it suffered a setback due to overspeeding from an 
improperly connected fuel line, the project was 
cancelled and Ruston returned to its customary product 
development . 

The Pearson rotor is a very important piece of 
evidence supporting the idea that wave rotors can be 
made to work effectively. Its success refutes the 
claim that such devices only work over a very narrow 
operating range. The Pearson design contains specific 
ports and nozzle vanes whose sole purpose was to 
maintain high component efficiency over a very wide 
range of operating conditions. These design details 
were tested and improved upon during the project at 
Ruston-Hornsby; the experimental data supported the 
worth of each of these remedies. The only other rotor 
including the capability for good off-design 
performance is the Brown-Boveri Comprex, with closed 
cavities or "pockets” at points around the periphery 
of the endwalls which control wave reflections at 
those walls. The Comprex experience and data also 
support the capability of wave rotors acting as pure 
pressure exchangers to operate over a wide range of 
conditions, especially at part load. 

THE GPC ROTOR 

The General Power Corporation (GPC) is one of 
the few firms to have maintained some degree of 
continuity in a wave rotor research program, having 
begun in the mid- 1960 s and still being active now. 
The GPC rotor 3hares some of the features of the 
Klapproth rotor and of the Pearson rotor, but there 
the resemblance ceases once one considers the details 
of it3 design and operation. Its purpose is to 
generate shaft horsepower, and it utilizes helical 
tubes with a bend (camber) near the outlet to change 
the direction of the gas flow on the rotor. The main 
part of each tube has a stagger angle much like the 
Klapproth rotor (i.e., helical blades). In the early 
GPC patent disclosures, the wave diagrams were 
described with infinitesimally thin waves, with no 
spreading in time. 

The GPC rotor development was originally 
intended for a road vehicle engine, which would 
require a relatively high pressure ratio Brayton cycle 
with several expansion stages on the wave rotor . The 
curved blades were intended to act as a reaction 
turbine for this portion of the flow in order to 
produce net shaft output power. Each stage was fed by 
the preceding exhaust stage gas with a re-entrant duct 
which curled around from one side of the rotor to the 
other." Work on this device has been supported first 
by the Ford Motor Company and later by the Department 
of Energy and DARPA . 

A simplified version of the GPC rotor, which 
includes just one re-entrant duct for a lower overall 
pressure ratio, has been tested recently. However, 
the basic rotor design has not changed significantly. 
To date, this rotor has not produced any significant 


net output power. An initial inspection of its design gg 
suggests that the tube curvature may be too large; 
that is, too much reaction may be encountered during 
the expansion stages, robbing the exhaust flows of the 
pressure required to re-inject the flow into the next 
expansion stage. Hence, one would suspect poor 
scavenging under these conditions would result in a 
loss of available output power. 

Unfortunately, the GPC work is poorly documented 
at present, malting it difficult to draw any certain 
conclusions about its performance. When contrasted to 
the Pearson device, there are several areas of the GPC 
design which may cause problems. The first, discussed 
above, concerns the degree of bending in the tubes. 

The second concerns the lack of control over reflected 
waves within the device required to make the wave 
system periodic within one revolution. The third area 
is the absence of any strong impulsive loading of the 
rotor from inlet manifolds to produce shaft work; the 
Pearson device relies heavily on impulsive loading to 
achieve power output and has only a very mild change 
in the blade angle to produce a small amount of 
reactive power. 

Any one of these design problems would be 
sufficient to cause severe problems in power output 
from a wave rotor/turbine. The GPC difficulties were 
compounded in the earlier years by the same 

difficulties in computing the wave patterns which 
other researchers had. They have recently developed a 
characteristics computer code which is potentially 
accurate and fast but involves a very complex 
accounting system of characteristics nodes in order to 
achieve high accuracy; each time a wave reflects 
within the system, it adds to the number of such nodes 
which must be accounted for and multiplies the length 
of time that such a computation must run to get good 
results. Even so, such a technique will cut -many 

hours from the normal design calculation done by 
hand . 

The GPC approach began with a rotor design that 
was destined to be a complete vehicle engine, so they 
were initially encumbered with a multitude of design 
problems which were somewhat extraneous to the task of 
learning how the wave processes would evolve on their 
device. Some of those design problems have been 
solved, but the GPC rotor is still a difficult system 
for learning about or verifying wave rotor 
performance . 

THE COMPREX 

The Brown-Boveri Company has been involved with 
wave rotors since the beginning of this technology. 
Their staff and consultants have investigated a number 
of different applications including the use of wave 
rotors as topping stages in a turbine engine. 
Ultimately, they settled on the development of the 
Comprex as offering the maximum payoff consistent with 
their corporate objectives. The Comprex is a 
supercharger for Diesel engines. This device has 
tubes parallel to the rotor axle and is designed to 
have a uniform performance over a wide range of road 
conditions. The Comprex is a commercial device and 
has been successfully tested on a wide variety of 
vehicles such as the Mercedes-Benz Diesel car, the 
Peugeot, and Ferrari; on Diesel trucks manufactured by 
M.A.N.; and on bulldozers. A great deal of 

development has been applied to making the Comprex a 
durable device which meets the stringent conditions of 
modern automobile engines; currently it is sold as the 
factory-installed supercharger on a class of 

European-produced tractors. 

The Comprex does not have to be very efficient 
in the supercharger application because there is 
generally surplus available work in the engine exhaust 
stream over and above that needed to compress the 
incoming air (i.e., to supercharge the engine). At 



good part-load performance. The Comprex does not 
attempt all of the refinements also needed to achieve 
high efficiency; for example, those found in the 
Pearson device. 

The Comprex is one of the most important 
examples of successful wave rotor technology. It is a 
commercial device. Furthermore, the Brown-Boveri 
Company has solved the most difficult development 
problems for their application - the seals problem and 
the thermal stress problem. Leakage is kept to an 
acceptable level in the Comprex by enclosing the rotor 
in a pressurized shroud and by using a rotor material 
with a low thermal expansion coefficient over the 
range of temperatures suitable to the Comprex. The 
thermal stresses are managed by routing the hot gases 
in and out the same end of the rotor and the cold 
gases in and out of the other end. Also, a 
"cathedral" design using an alternating arch 
cross-sectional shape for the tubes helps to allow 
thermal growth in the tube walls without placing large 
stresses on the outer rim of the rotor. 

WAVE ROTOR TURBOMACHINES FOR THE 1980s 

As we have seen, the past history of wave rotor 
development had mixed levels of achievement. The 
reasons for this are appreciated sufficiently so that 
a realistic appraisal of wave rotor technology as a 
way to improve the performance of present-day turbine 
engines is now possible. 

During the last ten years, turbine engine 
performance has been limited in part by tne peak 
turbine inlet temperatures allowed by turbine blade 
materials and by blade cooling. Blade cooling puts an 
extra drain on the compressor and begins to reach a 
point of diminishing returns when the temperature 
difference between the inlet and the blades increases 
to a few hundred degrees. Thus, the burden for 
further improvement, at least in the core engine, 
falls back on high temperature materials development. 
Significant improvements have been made over the past 
decade on hot stage turbine materials; reliable 
performance now can be achieved with inlet 
temperatures of 1900 to 2000 °F, and for limited 
durations up to as high as 2500 °F without blade 
cooling. With blade cooling, these limits can be 
extended upwards by a few hundred degrees . 

The wave rotor automatically cools itself 
without diverting any gas streams from the compression 
part of the cycle. Because the cooler input air is 
periodically cycled on and off of the rotor, the rotor 
wall sees both the cold and the hot gas streams and 
assumes an intermediate temperature between these 
two. The actual rotor wall temperature depends on the 
details of the heat transfer with these two gas 
streams but is generally much lower than the inlet 
combustion gas temperature. Further, no special 
passages have to be drilled into the walls of the wave 
rotor in order for it to be cooled. The cooling is 
accomplished within the main gas passages consisting 
of the compression and expansion tubes surrounding the 
rotor. As a consequence, cooling in small wave rotors 
is achieved with ease compared to the problems of 
blade cooling in small turbines. Since the wall 
temperature is somewhere near the mean of all of the 
inlet and outlet gas temperatures, the rotor 
temperature may differ by considerably more than a few 
hundred degrees from the peak gas temperature, 
implying that higher peak gas temperatures may be used 
low part load, any deficiency in available work is 
rapidly compensated for by the ability of the Comprex 
to rise quickly to full-load performance. Ordinary 
turbochargers suffer some lag in this respect because 
of their rotational inertia. As a result, the current 
Comprex designs emphasize a broad performance range. 
As mentioned earlier, pockets are cast into the rotor 
endwalls to control wave reflections and to achieve 


with this device than with a cooled gas turbine. Of 
course, any material improvements available for 
advanced turbines also may be used to boost the 
temperature capabilities of the wave rotor. 

In essence, the wave rotor should be considered 
as a high temperature, high pressure stage in a 
turbine engine because it will protect the power 
extraction turbine from the peak gas temperatures of 
the combustor. Its high temperature capabilities 
should be used to boost the cycle efficiency (and 
lower the thrust-specific fuel consumption) of 
present-day gas turbine engines and to eliminate the 
need of entering a difficult materials development 
program for the more advanced turbine engines . By 

keeping the high tip speed turbine components at a 
lower temperature, the wave rotor also will improve 
the overall reliability of these engines. 

The chief question underlying these suggestions 
to reconsider the wave tor is no longer whether or 
not it will work. Inst d, one needs to demonstrate 
how well these device will work, since their 
component efficiencies at higher temperatures will be 
compromised by the amount of heat transfer and gas 
leakage which accompanies high temperature 

applications. The initial estimates of these effects 
indicated that the component efficiency can be 
maintained at a high value. Also, since the wave 

rotor is being considered primarily as the high 

pressure stage, the overall engine performance is not 
particularly sensitive to the efficiency of that 
stage; that is, any losses from work transfer or shaft 
work production in the top stage are available to do 
work in subsequent stages, although not with the same 
effectiveness as if that work were accomplished in the 
top stage. This cascade effect is well documented in 
combined cycle operation, where the topping cycle is 
often rather inefficient but chosen simply for its 
ability to operate at higher temperatures (for 
example, the MHD-steam turbine combined cycle power 
system) and to thereby boost the overall thermodynamic 
cycle efficiency. 

Besides its advantages of cool^ walls and good 
efficiency in small sizes, wave rotors appear to 
behave in a substantially different way to pressure 
transients in an engine configuration, compared to a 
conventional turbine engine. One of the principal 
limits to high performance aircraft engines is the 
surge line marking the beginning of compressor stall. 
If the throttle is opened too quickly by the engine 
operator, the pressure rises in the combustor and 
creates a temporary decrease in the equivalent mass 
flow exiting from the compressor. Because of the 

inertial masses of the compressor-turbine pair, the 
compressor maintains roughly constant rotational speed 
during this transient, moving the compressor 

performance across the surge line where it will stall, 
with an immediate loss in power. Thus, the operator 
must not accelerate the engine too rapidly. Military 
engines are derated below their performance potential 
so that an adequate safety margin is provided for 
acceleration without compressor stall. 

The transient response of the wave rotor is 
extremely fast because the wave patterns internal to 
the device can readjust on timescales like the 
acoustic transit time along the length of the rotor, 
e.g., on the order of a millisecond. The rotational 
speed of the rotor is not the primary variable in this 
instance since it controls the valving of the gas on 
and off of the rotor but not the mass flow or pressure 
constraints of the system. As a result of its fast 
response time and because it is placed between the 
combustor and the compressor, a wave rotor will allow 
an aircraft turbine engine to operate much closer to 
the compressor surge line without any danger of 
compressor stall. The implications of this change are 



that the overall performance of the turbine engine can 
be increased under ordinary flight conditions and it 
will be effectively stable to either accidental or 
intentional changes in the combustor (i.e., throttle) 
conditions on very short timescales. Thus, a wave 
rotor turbine engine can be very- reliable since it 
will not accidentally stall and it can be programmed 
or driven to very rapid maneuvers . Such an engine can 
be operated under cruise conditions closer to the 
stall line and, hence, at higher efficiency and lower 
thrust-specific fuel consumption to obtain increases 
in range; for unanticipated situations (an aborted 
landing, for example), the pilot would have the 
capability of pulling out (i.e., accelerating) with a 
much smaller margin than with a conventional engine . 

The transient response of the wave rotor has 
been demonstrated during the test series performed by 
Ruston-Hornsby on the Pearson rotor. There is every 
reason to believe that this is a general property of 
3uch devices but, of course, it should and can be 
confirmed by analysis and experiments for any given 
wave rotor design. 

jQMMARY 

The history of wave rotor turbine engines shows 
that two such engines have been built and demonstrated 
in the laboratory close to their projected performance 
over a wide range of operating conditions . These are 
the Pearson rotor and the Rolls-Royce rotor (alias the 
Brown-Boveri Comprex ) . Their success appears to be 
due to a concerted effort to understand the internal 
wave processes and to incorporate wave control 
remedies in the rotor design. These remedies also 
were aimed at providing a very wide range of operating 
conditions for these rotors without undue fall-off in 
performance. The Pearson device, in particular, 
achieved net work output by also understanding the 
fundamental trade-off between reactive forces and 
impulsive forces and the need for closed loop gas 
scavenging on the rotor. New computer design 
techniques verified by recent experimental data now 
allow rapid design optimization of wave rotors so that 
a successful development program for these devices 
could be completed in a relatively short period of 
t ime . 

The development of advanced turbine engines is 
pushing the limits of high temperature materials. 
Wave rotors would boost the high temperature limits to 
turbines, allowing better and more reliable 
performance, especially in small-size engines where 
cooling and component efficiency are difficult to 
achieve. No new materials development would be 
required for the wave rotor turbine engine to yield 
significant improvement over existing turbines. If 
higher temperature materials become available in the 
future, they would simply increase these 
improvements . 

Both larger and smaller wave rotor turbine 
engines would benefit from the wave rotor's ability to 
stabilize engine transients during sudden changes in 
the throttle conditions, allowing better cruise 
performance, maneuverability, and reliability. 

A critical need exists at this point which is 
not being addressed by any R S D program; namely, a 
detailed experimental verification of the performance 
projected for hot stage versions of either the wave 
rotor/turbine or the pressure exchange wave rotor or, 
preferably, both. To advance beyond what Pearson and 
Ruston-Hornsby learned 25 years ago, it is necessary 
to incorporate improvements in the wave rotor design 
and to run well-instrumented tests on its performance 
in the design range of operating conditions required 
for a particular application. The chief requirements 
in this regard are to measure and control the leakage 
and to design for a higher peak temperature than was 
considered at that time. The knowledge gained from 
the DOE and DARPA wave rotor programs has provided the 
basis for the design of an efficient wave rotor. 


The pressure exchange wave rotor may offer a 
lower risk, faster development alternative. The 
pressure exchanger version of the wave rotor typically 
does not have to operate at as high a tip speed as the 
wave rotor/turbine because it does not have to meet 
propulsive efficiency requirements associated with the 
high speed of sound of the combustion gases, ^it also 
may be more efficient than the wave rotor/turbine. 
The combination of lower tip speed and higher 
efficiency means it would be easier to develop a 
highly reliable wave rotor for a given peak cycle 
temperature. There may be some penalties to this 
approach in the complexity of the resulting engine 
since an extra, rotating component beyond the turbine 
and compressor is required. A careful design of the 
turbine engine conf igurat ions resulting from these two 
wave rotor approaches needs to be carried out to 
answer this question. 

In short, wave rotors have been operated 
successfully in the laboratory in the past. Those 

designs can be improved upon quickly to upgrade their 
efficiency and performance. Well-instrumented tests 
of a wave rotor at higher temperatures and pressures 
would establish the feasibility of this technology and 
confirm the validity of the existing design tools 
which would be needed for an engine development 
program . 
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History 

The idea of interchange of energy by direct impingement of gases dates back 
to the time at the beginning of this century when Buchi proposed exhaust 
gas driven turbosupercharging of Diesel engines. A patent of Burghard des- 
cribes the cell rotor admitting gases through segmented stator ports. The 
idea forgotten came up again in the late thirties when the principle was 
used as a heat pump with air as the working fluid. Brown Boveri who wae 
building the device for a customer realized that design modifications were 
needed to account for nonsteady flow phenomena. The patent by C. Seippel 
describes the operation and the timing requirements. Later, the pressure 
wave, energy exchanger named Comprex to indicate its capability of compres- 
sor-expander was used as the upper stage of a gasturbine engine. Whereas 
good efficiencies were obtained, rotors could not be built to stay together. 
In the early fifties, the potential of the Comprex as a Diesel engine 
supercharger was recognized. After the first units were constructed and 
tested on vehicular Diesel engines in the USA, Brown Boveri in Switzer- 
land initiated a concentrated effort to develop the Comprex to meet the re- 
quirements of its practical realization. 


The Principle of Operation 

The schematic arrangement of the Comprex as exhaust gas driven Diesel en- 
gine supercharger is shown in Fig. 1. The rotor B has straight axial chan- 
nels of constant cross section, also called cells. The stators on both 
sides of the rotor have segmented openings registering with the rotor pas- 
sages. The ducting F for air entering the rotor and for the discharge of 
compressed air E are connected to the cold stator. The duct for compressed 
hot gas D and the duct for hot gas discharge G are connected to the hot 
stator. The rotor assumes essentially a valving function. The belt drive C 
is needed to overcome bearing-, windage- and friction-losses. The energy 
exchange comes from direct interaction of the gas to be expanded, passed 
on to the air to be compressed. 

The mode of operation can best be explained considering the axial rotor 
channels to be unwrapped into the projection plane Fig. 2. The ports in the 
cold stator on the left side and the ports in the hot stator on the right 
side are stationary. The duct E for the compressed air connects to the en-» 



gine intake manifold E. The duct D for the exhaust gas collected in the ex- 
haust manifold A leads into the rotor. The turning of the rotor is represen- 
ted by the rotor cells moving from the top on down. The ports thus open and 
close according to the schedule determined by the geometrical location of 
the ports and the downward speed of the rotor. The requirements for the 
timing of the compression- and expansion-waves are best understood by the 
description of the cycle. 

The explanation begins on top of Fig. 2 where the rotor is filled with 
air at rest below ambient pressure. The cell opening to the exhaust gas port 

allows the gas to enter the rotor due to the large pressure difference. The 
air at rest has to be pushed forward producing a cdmpression wave. The wave 
front progressing faster than the speed of sound simultaneously compresses 
and accelerates the air. As the wave reaches the cold stator, the discharge 
port is opened and allows the compressed air to enter the stationary duct E 
leading to the engine intake manifold E. The kinetic energy is partly con- 
verted int pressure. The speed of the gas and the speed of the compressed 
air are at it equal. This also is the speed of the interface. As Fig. 2 in- 
dicates, this speed is far below the speed of the compression wave. It is 
this physical phenomenon which makes the efficient transfer of energy by 
direct interaction possible. 

The compressed air discharge port closes prior to the arrival of the inter- 
face preventing exhaust gas to be recirculated into the engine. Some of the 
air which has been contaminated due to mixing at the interface remains in 
the rotor cell. As the exhaust gas intake port is closed a rarefaction or 
expansion wave is generated. The deceleration of the gas to standstill at 
the wave front occurs with the simultaneous expansion. Now the rotor is 
filled with exhaust gas and some air, both at rest. The pressure is still 
considerably above ambient. This remaining pressure furnishes the energy to 
scavenge the cell, namely to replace the exhaust gas by air. The opening of 
the exhaust gas discharge port induces the second rarefaction or expansion 
wave, thus generating the outflow into the exhaust duct 6. First the gas and 
then the air in contact is being traversed by the expansion wave. The full 
content of the rotor cell is set in motion. At this time the air intake 
opens and the inertia of the gas column draws in the air. As the cell has 
been scavenged the exhaust discharge port is being closed. Prior to this 
time the air intake has also been closed, thus producing another, however 
rather weak expansion wave decelerating the air to standstill. The pressure 
of the air at rest is subambient. The cell is now ready for the next cycle. 

The pressure of the air obtained in the intake manifold E is determined by 
the strength of the compression wave which again is a function of the en- 
gine exhaust discharge pressure. This again depends on the exhaust gas tem- 
perature leaving the engine. As the mass-flows to and from the engine are 
essentially equal, the power to be gained by the expansion of the hot ex- 
haust gas is sufficient to obtain a somewhat higher pressure of the cold 
air to be compressed. Part of the surplus power lowers the inefficiencies . 
There are losses due to the finite clearance between rotor and stators. 
Furthermore, there are losses due to incomplete recovery of kinetic energy 
of the compressed air in the duct E and of the exhaust gases leaving the 
rotor through duct G. Losses are caused also during opening and closing 
of the cells passing the radial edges of the stator ports. The effect of 
heat exchange superimposed to the compression and expansion energy ex- 
change makes the processes non-adiabatic. This is a distinct difference 
from the adiabatic compression and expansion in turbcmachines . Work dissipa- 
tion due to flow friction on the cell walls brings a further deviation from 
the isentropic changes of state. The losses due to irreversibilities in 
the compression wave are insignificant. The design point including 



68 the total of all losses reveals overall combined energy efficiencies of 
74 %. This makes the Comprex competitive with turbosuperchargers . 


Matching the Comprex to Engine Demands 

A practical supercharger has to function over a wide operating range. Vehi- 
cular engines in particular are rather challenging in this respect. 

The rotor as shown above has to be driven by the engine. V belts are cwell 
accepted on vehicular engines for generator-ai r-fan drives. This, however, 
makes the Comprex speed range as wide as the engine speed range, namely up 
to 1:4. At low Comprex speed the main compression wave arrives far too 
early at the cold stator with the result that the compression wave is being 
reflected at the closed end of the rotor cell creating a high pressure of 
no use. This wave returning to the exhaust gas intake disrupts the timing 
with the effect of flow reversal and with a complete breakdown of performance. 
A number of simple means have been found which help to overcome the disadvan- 
tage of wave mistiming. The wide speed operation has been realized by the 
use of additional stator ports which, however, are not connected to any duct. 
The ports allow the air in the rotor to flow out and to enter the rotor into 
the adjacent cell. In the case of the early arrival of the compression wave, 
only partial reflexion occurs. The reflected wave arrives at the hot sta- 
tor at the time the inflow of exhaust gas into the rotor has started. The 
wave prevents the inflow over a segment of the port. The flow of exhaust gas 
is reduced which matches the lower flow at reduced engine speed. This appears 
to the engine to have the same effect as variable geometry of a turbocharger . 

A similar pocket is supplied with exhaust gas. The secondary wave generated 
by this pocket enters into a corresponding pocket in the cold stator. The 
effect of these pockets sustains scavenging of the rotor cells at low rotor 

speeds. In Fig. 3 the essential components of a Comprex unit are shown. 

The main ports and the axiliary ports (as pockets) are visible. The letters 
indicating the ports agree with the duct designation of Fig. 1. The letters 
HIK refer to the pockets. The stators, contrary to Fig. 1 and 2, are built 
to produce two complete cycles per revolution of the rotor. This has the 
advantage of symmetry in the stator design. At equal rotor speed the rotor 

length is half which makes the unit lighter and more compact. 

The Comprex having a porting configuration to give a wide speed range for- 
tunately meets the massflow demand of the engine. This results in a nearly 
constant engine intake manifold pressure for constant exhaust gas tempera- 
ture in a reasonably wide speed range of the engine. 

The requirements for passenger car- and truck-engines as well as the capabi- 
lity of rapid load changes are being discussed in the second part of the 

paper. 

In the supercharger version the peak efficiency has to be sacrificed in 
favour of the wide speed range capacity. Yet the efficiencies are competi- 
tive with turbosuperchargers which need bypass blowoff valves causing a con- 
siderable loss in efficiency at high engine speed. 

The Comprex can be analysed theoretically using the method of characteri sti cs . 
The assumption of onedimensional flow can be refined to take care of partial 
opening losses, leakage losses, as well as heattransfer- and friction-losses. 
Integration of the theoretical intake- and exhaust velocity profiles gives 
remarkably precise duplication of measured performance. The cycle calcula- 
tion using the graphical method of characteri sti cs is rather a demanding 
and time consuming process. Whereas it is possible to computerize the cal- 
culations, it is still difficult to introduce complicated boundary condi- 
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Fig. 3. Components of the Comprex. 

Ports D,G,E,F are connected to Ducts D,G,E,F Fig.l. 

D Exhaust gas from engine 
G Exhaust gas discharge 
F Air inflow from ambient 
E Compressed air flow to engine 

Pockets H , I , K are energized at low rotor speed 
and provide energy for scavenging the cells . 

SUPERCHARGING WITH COMPREX. APPLICATION AND EXPERIENCE 

Prof. Max Berchtold, ETH, Zu'rich; Andreas Mayer, Brown Boveri , Baden 


Introduction 

Today almost all Diesel engines of power output higher than 400 kW are tur- 
bosupercharged . Brown Boveri has contributed significantly in raising the 
level of supercharging technology. A triplication of the power output com- 
pared to the naturally aspirated engine of equal displacement has become an 
accepted standard. 

Supercharging is broadly applied to Diesel engines for trucks, buses, farm 
machinery and earth moving equipment. Here the operational requirements' are 
more demanding due to the frequent load changes and the wide engine speed 
range. The reason for the wide use of the Diesel engine is the high fuel 
economy and the long durability. The passenger car Diesel which has become 
more widely considered has to meet the challenge of high fuel economy. The 
requirements for the wider engine speed range and the instantaneous load re- 
spone are well recognized. Noise levels, acceptable for trucks, have to be 
reduced substantially. The emission levels reached in spark ignited engines 
only with sophisticated exhaust gas after treatment, are met by the Diesel 





engine with respect to carbon dioxyd and hydrocarbons . Nitric oxyd and par- 
ticulates, however, as well as the unpleasant odour are of primary concern. 

The low Diesel engine power output compared to gasoline engines of equal 
weight makes supercharging mandatory. The Comprex pressure-wave supercharger 
has proven its capability to meet these requirements of the passenger car 
Diesel engine. 

Tests of supercharging Diesel engines with the Comprex go back over 20 years. 
The first prototype units have been tested and evaluated in a vehicular ap- 
plication in 1969 on a heavy duty truck, built by the Saurer Company in 
Switzerland. The performance expectations have been met. A number of prob- 
lems, however, had to be solved to make this new device suitable for practi- 
cal use and to become competitive in price with the conventional exhaust gas 
driven turbocompressor. 


Manufacturing Technology 

In order to meet durability at low cost, a rotor casting process had to be 
developed. A tremendous effort led to a sophisticated technique, capable of 
producing rotors which have numerous advantages over the older rotor con- 
struction, using sheet metal blades brazed into slots in the hub and the 
shroud. The casting technique allows to form the blade joints at the hub 
and the tip without local stress concentration. The intermediate shroud 
permits the stresses due to different temperatures between the hub and 
the shroud to be relieved. Previously this has been obtained by curved 
blades in radial direction. The alloy for the rotors is of a low coeffi- 
cient of thermal expansion. Furthermore, it has a high oxydation resis- 
tance. Operating gas temperatures up to 850° C can readily be handled. The 
casting facility is shown in, Fi ; g. 1. 

Precision casting techniques also are being applied to the stator castings. 
The porting geometry meets the tolerance requirements without expensive 
machining operations. 

The Comprex rpm being between 8000 and 25000 depending on the airflow capa- 
city, presents no problem to bearing design. The bearings are supplied by 
the engine oil pump. Rubbing seals are used to prevent oil from entering the 
air passages or dirt to get into the oil return line. The partially segmen- 
ted Comprex, Fig. 2, shows the shaft and bearing arrangement. 

Refinements in the stator design have resulted in a substantial weight re- 
duction. The unit is supported by the exhaust gas collector, an arrangement 
well proven by the mounting of turbo superchargers . 


Noise emission 

The previous sheet metal rotor produced a narrow frequencyband noise of a 
rather penetrating character. The effective dampening to a permissible level 
turned out to be difficult. Cells of uneven width in random pattern gave a 
significant reduction in noise. The cast rotor with the intermediate shroud 
in variable cell width and shifted cell partitions also for reasons of 
stress relief gave, an even greater noise reduction of 10 db. The additional 
means for treatment of the remaining noise can thus be less effective. The 
noise emission spectra for the two different rotors is shown in Fig. 3. 


Exhaust Gas Reci rculation 

Diesel endues operating at low bmep produce NO even though the mean tempe- 

— . X 



rature is far below the stoechiometric combustion end temperature. The 
burning, however, always takes place at the zone of stoechiometric mixture. 
The local burning temperature therefore is as high as at full load. A re- 
duction of the reaction heat thus calls for a reduction of oxygen concentra- 
tion. This is obtained by exhaust gas reci rculation , reducing the stoechio- 
metric peak cycle temperature determining the N0 X equilibrium. A simple val- 
ving- and control system is used to have some exhaust gas bypassed into the 
engine at part load. At full load, the recirculation which causes a reduc- 
tion of power output is undesired. Fortunately, the Comprex by its principle 
of operation has a sufficient amount of internal exhaust gas recirculation 
in the particular desired engine operating regime. Fig. 4 indicates the 
amounts of reci rcul ation for different operating conditions. The N0 X reduc- 
tion comes to 20 % at low load. 


Potential Power Output Gain by Supercharging 

The requirements for the supercharging of Diesel engines depend on the ap- 
plication. Passenger car engines are the most demanding. The high torque at 
low engine speed, combined with the request of rapid load response is typi- 
cal. Whereas the turbosupercharger, combined with a turbine bypass valve, 

is capable of building up a sufficient manifold pressure at low speed, it 
is not giving the response. At high engine speed, the limited turbine flow 
capacity calls for opening the bypass in order to prevent the manifold pres- 
sure from exeediny permissible limits. The compressor stability, however, 
remains to be a problem. 

In the case of a more narrow speed range, such as in traction engines with 
multiple speed gearboxes, the waste gate hookup can be used to a pressure 
ratio level of 3. About the same limitations exist for the Comprex as far 
as speed range and pressure ratio. Fig. 5 shows the ranges for passenger 
car and truck engines. 

As special engine applications call for higher levels of superchargi ng , two 
stage supercharging appears to be the best solution to meet the vehicular 
requi rements . It has been found that the combination of the Comprex as the 
low pressure stage and a turbocharger as the high stage offers significant 
advantages both with respect to high speed range and high response. A peak 
bmep level of 27 bar ata at a manifold pressure ratio up to 6 has been de- 
monstrated. The tests have confirmed the performance expectations. A six 
cylinder Caterpillar engine has been used which has been equipped with a 
fuel pump of higher capacity and with shorter pistons reducing the compres- 
sion ratio to 12. Furthermore, it became necessary to install a device for 
adjustment of the injection timing. 

Cooling of the charge air lowers the peak cycle pressure in all cases and 
thus the thermal loading of the critical engine components. 


Comprex Superchargers for Wide Range of Engine Capacity 

At the first stage of development, a series of Comprex units has been de- 
signed to meet the range of power output from 80 to 450 kW (Fig. 6 and 7). 
The units are of geometrical similar design. They have been extensively 
tested for endurance both in teststand- as well as in vehicular use. Life 
expectancy of 8 to 10000 hours is well within reach. The only wear has been 
found in the shaft rubbing seals. During engine overhawl , these parts can 
easily be replaced. The V belt for the rotor drive matches the belt life 
of the generator- and fan belt drives. Trucks have been operated over two 
million kilometers at satisfactory reliability (Fig. 8). 
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Comprex supercharging of passenger car engines has been started relatively 
recent. 1978, an Opel 2,1 liter Diesel engine has first been tested with 
the Comprex. Excellent response at low speed engine up to a high torque 
were the convincing features of this first test. In the further development, 
the Comprex was adapted to meet the higher engine speed range. The somewhat 
lower superchargi ng levels, sufficient for passenger car engines, allowed 
to increase the flow capacity for a given rotor size. Thus, a smaller 
Comprex matches the demands of the same engine. 

As light weight passenger cars need less power (engines of the 1 liter 
class), smaller units have been added to the existing series. The power 
range has thus been extended down to 30 kW. This Comprex is equivalent in 
weight to the turbochargers of equal capacity (Fig. 9 and 10). 

A comparison of efficiencies can be seen at Fig. 11. It should be pointed 
out that there is no efficiency deterioration with down-sizing. The effi- 
ciencies given refer to a representative average engine oper ting point. 

The compression efficiency based on an isentropic temperatu. rises as high 
as 90 %. The combined efficiency reaches 56 % at the best point. One should 
realize that the wide speed range calls for a sacrifice in peak performance. 
In the case of optimized performance for narrow range or single point opera- 
tion, the combined efficiency reaches 74 % which amounts to component ef- 
ficencies in the middle eighties. 


The Comprex for Vehicular Diesel Engines 
Present capabilities of the Comprex: 

- Engine RPM range for full torque 1: 5 

- Engine RPM range between idling 

and max. power 

- Exhaust temperatures up to 850 C 

- No low volume limitation (no Surge) 

- Automatic altitude correction 

- Instantaneous response under all operating conditions 

The Comprex can meet the requirements of the passenger car Diesel engine. 

The Comprex offers the greatest advantage in cases where frequent and in- 
stant load changes are of significance, combined with a wide engine speed 
range operation. 

Fig. 12 shows the torque curves for different levels of supercharging. In 
single stage supercharging peak mean, effective pressures up to 20 bars are 
possible, whereas two stage (combined Comprex turbosupercharger) super- 
charging yields up to 28' bars. 

The largest Comprex units are designed to be used in earth moving equipment. 
In this application, the capability of producing a high torque, a low en- 
gine speed without delay in torque rise is of primary concern. The frontend 
loader is shown in Fig. 13. Fig. 14 refers to a typical work cycle of load- 
ing, transporting and unloading. The best judgment can be made by comparing 
the performance of the same piece of equipment using the same Diesel en- 
gine, the same power shift transmission in one case with the Comprex and in 
the other with a turbosupercharger . The maximal fuel input for both injec- 
tion pump is the same. The performance advantage of the Comprex over the 
turbocharger becomes apparent. The gain in transportati on volume was estab- 
lished to be between 9 and 16 %. The difference was due to the ability of 
the driver. In cases of a more demanding mission, the advantage of the 
Comprex was even more pronounced. If one considers the cost (equipment amor- 
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charger is totaly insignificant. The drivers expressed their favorable opin- 
ion regarding the advantages due to the higher load capability. 

Ploughing Tractor 

Again the specific power requirement of this type of equipment is well suit- 
ed for a Comprex supercharged Diesel engine. The Finish Company Valmet has 
been the first engine and tractor builder to install the Comprex as standard 
equipment. The production advantage is particularly significant since the 
thrust force to push the plough varies as much as 50 %, depending on the 
compactness of the earth. The ability to continue the operation through a 
segment of increased resistance is of primary importance. The capability of 
a substantial torque rise with decreasing engine speed represents the essen- 
tial feature. In case of a stall with turbocharged engines, the tractor has 
to start up again loosing time and thus production. As fluctuations occur 
at short intervalls, stalls can become very frequent. Operating at part load 
at a lower gear ensures the availability of extra thrust to pull through a 
higher drag section. This means lower utilization of the equipment. More 
time is needed for ploughing the same area. A power shift gear can overcome 
some of the disadvantages. However, the added Comprex cost offsets the 
price of the power shift gear. The Valmet tractor is shown in Fig. 15. 

A Steyr Daimler Puch Tractor has been tested with a Comprex utilizing com- 
pressed air intercooling. In this case, the torque rise was as much as 38 %. 
This allowed the tractor to operate at lower engine speed at the normal 
ploughing speed with a considerable fuel serving. The high torque at low 
speed engine proved to start up the tractor wi thout excessive clutch abuse. 


The Comprex in the Truck Engine 

Modern direct injection engines are known for their high efficiency. A fur- 
ther improvement, thus, can only be realized by lowering the engine speed 
at equal power which means a torque increase by rising the manifold pressure. 
This again is the domain of the Comprex, capable to lower fuel consumption 
without additional control means such as a waste gate. Lowering the speed 
also lowers noise emission. The advantage of fewer gear shiftings and the 
use of a gear box with fewer stages should be considered in evaluating the 
economy of the Comprex supercharger. 


The Comprex in the Passenger Car 

The introduction cf Diesel engines in passenger cars has primarely been ini- 
tiated by the attractive fuel economy. The fact that this engine realizes a 
stratified charge concept makes it also more favorable with respect to emis- 
sions without the need for expensive devices for exhaust gas after treatment. 
The lower power output at equal displacement and equal weight calls for su- 
percharging. The torque shape and response should be as good as with the 
standard gasoline engine. The Comprex meets this requirement. The passenger 
car engine has its most frequent use in the middle range of rpm at about 
one third of its peak torque. At this regime, the thermal efficiency of the 
gasoline engine is about two thirds of the peak efficiency. The Comprex su- 
percharged Diesel engine, both with indirect and direct injection at equiva- 
lent part load, has a thermal efficiency equal or better than the gasoline 
engine at peak torque. 



The fuel savings with Diesel powered passenger cars are therefore substan- 
tial. The mixture enrichment in the gasoline engine warmup period makes up 
for a 20 % fuel consumption increase in the first 5 km. The Diesel engine 
does not need such modifications. 

In 1978, the first Comprex supercharger fitted to a passenger car engine had 
the Comet combustion chamber. The torque curve 1, Fig. 16 shows the 
moderate gain reached at that time which agreed with the torque curve of the 
turbocharged engine. In driving the car, the response made the car seem con- 
siderably more powerful. 

Based on the experience with Comprex supercharged truck engines, the bmep 
compared to naturally aspirated engines was still quite moderate. Due to 
the larger engine speed range of passenger cars, compared to the relatively 
narrow speed range of truck engines, made the torque at low engine speed 
fall off below acceptable levels. High torques at one quarter of the max. 
engine speed are taken for granted in gasoline engines. In this range addi- 
tional development efforts were concentrated. It was found that strong pres- 
sure pulsations occurred in the engine exhaust gas collector which disturbed 
the Comprex performance. A modification of the stator geometry has been 
established to correct this disadvantage. Curve 2 in Fig. 16 indicates 
the substantial gain. At the same time, the flow capacity has been increased, 
thus allowing to reduce the rotor diameter from a diameter of 112 mm to 93 mm. 
A Comprex weight reduction to about 60 % of the previous weight, needless to 
say, brings several advantages. 

The intake manifold pressure ratio in the low speed range is now between 
1.4 and 1.5. If a charge air cooler is incorporated, a density ratio of 
about 1.4 means a bmep of 10 bar at .25 of peak engine speed. In the mean 
engine speed range a bmep of nearly the double of its naturally aspired 
counterpart was obtained. At max. engine speed, the bmep gain is falling 
to about 30 to 40 %. Here the cycle peak pressure represents the limiting 
factor. One should be aware that engine size and gear box ratios should be 
selected carefully. In doing this, the criterion of available excess power 
at a car speed of 40 km/h to produce an acceleration of 0,7 m/sec2 should 
be considered. This would permit a reduction of the engine displacement in 
the Opel engine to 1,64 liter or to increase the vehicle mass proportionally . 
The fuel consumption has been measured on the vehicle dynamometer with a 
2 liter engine assuming the heavy vehicle. The expected fuel consumption 
for~the Opel with the 1,64 displacement engine has then been established by 
calculation. The. results are presented in Fig. 1.7 as a comparison. 

In order to fully benefit from the potential fuel saving with no sacrifice 
in car performance, the following requirements will have to be met: 

- A high degree of supercharging in the entire engine 
operating speed range. 

- Availability of full torque within 0.5 sec. 

- High thermal efficiency in the medium engine speed range at a 
bmep level of 4 bar to be within 10 % to the peak efficiency of 
32.6 % ^qual to 260 gr/kWh). Future direct engines will be 15 % 
better. 
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High torque at low engine speed allows engine utilization with very much 
lower noise emissions. 

The Comprex has received much attention lately for its potential use in pas- 
senger car Diesel engines. The 3 liter 6 cylinder engine in the Daimler-Benz 
as well as the 1.2 liter 3 cylinder engine in the VW represents the extremes 
of the wide range of application evaluation. Both engines with indirect and 
direct injection , 'with and without charge air cooling are being tested. 

There are cars with manual gear shift and with automatic transmission . En- 
gines have to be designed sufficiently rugged to be supercharged to a mani- 
fold pressure ratio of 2. Air cleaner and exhaust mufflers have to be laid 
out for low pressure drop at the larger air and exhaust gas flows. 

An application of a small Diesel engine supercharged by the Comprex is being 
tested in i j Steyr-Daimler-Puch jeep. This vehicle, shown in Fig. IB, 
demonstrate- the specific advantages of the new system having a high torque 
in the full range of engine speed. 

Fig. 19 represents a typical Comprex installation on a vehicular Diesel en- 
gine. In order to simplify the beltdrive, the Comprex is placed in such a 
way that the belt pulley is in the plane of the V beltdrive for the electric 
generator. The Comprex is bolted to the exhaust gas collector. This elimi- 
nates the need for flexible expansion joints. As the drive power is quite 
small, the belt force driving the Comprex rotor is insignificant. An idler 
pulley is used to adjust the belt tension. The piping of the compressed 
air is flexibly mounted with rubber sleeves. For starting the engine, a 
simple small alternate air intake valve is provided in the compressed air 
duct. The spring loaded valve opens automatically by the vacuum when the en- 
gine is turned over by the electric starter. The over all installation is 
simple since there is no need for a hot bypass valve with controls. Also 
no control means are necessary to limit the fuel input during transients. 


Summary 

The Comprex represents a new principle suitable to supercharge vehicular 
Diesel engines with requirements for a wide speed range operation and for 
rapid response to load changes. The device operating at low speed is simple 
in its design. Emission- and the noise standards can be met. 
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Fig.l. Comprex Rotor Casting Facility. 



Fig. 2. Comprex Supercharger . 
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Fig. 5. Supercharging Pressure.Ratio vs Engine Speed 
with Comprex Supercharging. 
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Fig. 11. Equivalent Comprex Efficiency 
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Compression Efficiency 
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Fig. 12. Mean effective Pressures vs. Engine speed for 
different levels of Comprex Supercharging. 

Identification of curves: 

Intercooling is applied in all cases except 
Curve 1 . 

1 ) Passenger Car 

2) Passenger Car 

3) Truck Engine 

4) Heavy Duty Truck Engine 

5) Heavy Duty Truck Engine with 
Comprex and Turbocharger . 
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Fig. 15. Valmet Tractor. 



Fig. 16. Comparison of BMEP Curves vs. Engine speed 

1) First Test of Comprex on Opel IDI Engine 

2) Improved Matching of Comprex on Opel IDI 
Engine. 
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The present Invention relates to processes and 
apparatus wherein use is made of gases, in cy- 
cles comprising compression, heat exchange at 
a constant and relatively high pressure, expan- 
5 sion, and a heat exchange at a relatively low 
pressure, for the purpose of producing heat or 
cold, for example. 

Since a gas absorbs energy when being com- 
pressed and releases energy when expanded, it 
10 is essential in thermodynamic cycles that the 
energy contained in the expanding gas be re- 
covered as fully as possible, in order that it may 
be utilized again for assisting compression. The 
processes and apparatus proposed hitherto for 
15 this purpose have not given wholly satisfactory 
results, owing to important losses of energy aris- 
ing during the stages of compression and ex- 
pansion. 

In one class of process, use was made of inde- 
20 pendent mechanical means, to produce compres- 
sion and expansion separately. This class of 
process involved a complete separation of the 
currents of gases, respectively undergoing com- 
pression and expansion, by means of members 
25 such as pistons reciprocating in cylinders. The 
losses of energy entailed by such members, more 
particularly owing to friction, were too great 
owing to the additive effect thereof relatively to 
the total work cf compression and expansion. 
30 it is desirable to apply the action of the ex- 
panding gas upon the gas to be compressed 
whilst interposing therebetween the smallest pos- 
sible number of moving parts. In this connec- 
tion it has been proposed to omit all interven- 
35 ing moving parts, and to transmit pressure from 
the expanding gas directly to the gas to be com- 
pressed, Hence, In another class of process it 
was proposed to expand the gas by partial with- 
drawals therefrom, at decreasing pressures, whilst 
40 said gas was contained in a closed chamber 
and conversely to compress the gas contained in 
another closed chamber by successive additions of 
gas, at progressively increasing pressures which 
w r ere always higher than these obtaining in the 
45 receiving chamber, this being effected by con- 
necting through suitable ducts, chambers con- 
taining tbe gas to be expanded with chambers 
containing the gas to be compressed. These 
ducts, between which and the said chambers a 
50 relative motion was provided, acted as distribu- 
tors progressively to lower the pressure of the 
gas to be expanded, said gas being contained in 
a series of chambers, and gradually to Increase 
the pressure of the gas to be compressed in an- 
55 other series of chambers, thus ensuring a ra- 


tional pressure exchange. The subsequent open- 
ing of the chambers into the high pressure zone 
allowed the compressed gas to issue from the 
chambers and to be displaced into a constant 
pressure heat exchanger. This displacement, 5 
brought about by the gas issuing from the heat 
exchanger, only called for an expenditure of en- 
ergy equal to that due to the pressure losses in 
the circuit and could be produced by a fan. 

It was thus sought to make use of the energy 10 
released by expansion to compress an equal vol- 
ume of gas to a like pressure, in order to limit 
the mechanical energy used to that required to 
compensate variations in gas volume due to heat 
exchanges and losses due, more particularly, to 15 
leakages. 

If, in this latter class of process, losses by 
friction due to moving partitions were elimi- 
nated, on the other hand, other losses were cre- 
ated which involved practical failure due to the 20 
intermingling of gases to be compressed and 
gases to be expanded, and to unavoidable leak- 
ages more particularly such as arose, from the 
partitioning of the gas currents in the chambers, 
along the whole of the surfaces separating the 25 
chambers from one another. 

The object of the process according to my in- 
vention is to overcome the disadvantages innate 
in these two classes of processes, and to com- 
bine the advantages derived from partitioning 30 
with those resulting from the direct action of 
the gas currents upon each other. 

The invention is based upon observation of 
the fact, that an ideal means of separating the 
principal gas currents (i. e. the currents of gas 35 
undergoing compression and of gas undergoing 
expansion) is provided by the gas current, re- 
sulting from pressure exchange between the ex- 
panding gas and the gas to be compressed., pro- 
vided it be found possible to prevent said gas 40 
current from mixing and intermingling with the 
principal currents, during its passage outside the 
connecting ducts. 

To this end the process according to my in- 
vention consists in so maintaining and guiding 45 
the pressure exchange current, that it flows in 
the same direction as the two principal currents 
and that, ■while remaining distinct therefrom, 
it is interposed in the fashion of a gaseous par- 
tition, between said two currents which are at 50 
different temperatures and flow respectively to- 
wards and away from the heat exchanger. When 
the process is performed in a rotary apparatus 
comprising a ring-shaped series of chambers 
moving relatively to a fixed distributor or a, sta- 55 
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tlonary series of chambers with a moving dis- 
tributor, I am able so to regulate the speed, the 
orientation and the position of the pressure ex- 
change current that said current flows through 
^ the rotary apparatus, between the stages of com- 
pression and expansion, without leaving said ap- 
paratus and hence without participating in the 
heat exchange. 

In order that the pressure-exchange current 
may act after the fashion of a gaseous partition 
It is necessary that, in contrast to previous prac- 
tice with processes of the second class aforesaid, 
the current of gas from the expansion phase to 
the compression phase be kept as continuous as 
15 possible, in regard to speed, orientation and posi- 
tion. More particularly the connecting ducts 
must at all times communicate with one at least 
of the two phases and their orifices must be so 
arranged, relatively to the chambers, as to ob- 
20 viate any short-circuit, or leakage, between two 
neighbouring chambers, during the phases of ex- 
pansion or of compression. 

' To this end the orifices of the connecting ducts 
are given a width equal to that of the partitions 
25 separating the Inlet ports of the chambers so as 
to allow of said orifices being closed, during their 
passage from, one chamber to the next, thus 
averting a short-circuit. Furthermore the ar- 
rangement is such that when one end of a duct 
30 is closed by a partition, the opposite end of said 
duct Is situated centrally of a chamber. Stop- 
pages and jars liable to promote the mixing or 
mingling of the fluids are thus avoided, and the 
continuity of the variations of pressure is en- 
35 hanced. 

The pressure-exchange current thus delivered 
in a practically constant manner, through the 
connecting ducts, is given a substantially con- 
stant direction, relatively to the currents in the 
40 expansion and compression phttses, owing to 
suitable orientation of the orifices of the ducts 
which communicate with the chambers contain- 
ing the main currents. Said orifices are dis- 
tributed exclusively over that portion of the cas- 
45 ing, which closely surrounds the chambers, in 
order to avoid that the ducts should communi- 
cate periodically with the admission and exhaust 
pipes. 

Since the circuit of the pressure- exchange cur- 
50 rent is completed through the chambers into 
which the compressed and heated gas is dis- 
placed by the cooled compressed gas to be ex- 
panded, before said compressed and heated gas 
escapes into the heat exchanger, the openings 
55 of the admission and exhaust pipes are shaped 
and arranged to ensure the continuity of the 
pressure-exchange current during this phase, 
and to reduce the speed at which, the principal 
currents are admitted and exhausted, in order 
60 to avert too abrupt a passage from one phase to 
the next succeeding one. 

The gaseous current formed between the ex- 
panding gas and the compressed gas by said 
pressure-exchange current may be so extended 
65 as to complement the material partition sepa- 
rating adjacent chambers and to prevent leakage 
between them along the periphery of the casing. 
To this end, the vanes br partitions of the rotor 
separating the successive chambers are made 
70 hollow, and the spaces thus formed within these 
vanes or partitions are caused to communicate 
with connecting ducts, wherein a pressure ob- 
tains, which differs slightly from the pressures 
within the chambers to be separated. On the 
75 expansion side this pressure will be slightly lower 


than those obtaining on either side of the parti- 
tion under consideration, and on the compres- 
sion side It will be slightly higher, in order to 
by-pass a portion of the pressure-exchange cur- 
rent through the partitions and connecting 5 
ducts, without impairing the continunity of said 
current, and thus to complement the material 
partitions afforded by the partitions or vanes, 
by means of gaseous currents located along the 
edges of said vanes. To the gas currents at dif- 10 
ferent temperatures which are to be separated, 
and to the pressure-exchange current which Is 
to ensure their separation, must be added, with- 
in the apparatus, a current required to compen- 
sate the variations of volume, due to changes of 15 
temperature, undergone in the heat exchangers 
situated outside the apparatus; I. e. between the 
momer 1 when a gas current issues from the ap- 
parat T and the moment it re-enters said ap- 
paratv after having participated in a heat ex- 20 
change. According to the invention, use is made 
of such compensating current, to enhance the 
continuity of the pressure-exchange current. As 
is the case with the latter, said compensating 
current flows parallel to the principal current, 25 
a result advantageously obtained by associating 
with the chambers of constant volume chambers 
of varying volume adapted to be added thereto 
or substracted therefrom, as need may arise. 

According to one practical and simple em- 30 
bodiment of the invention the chambers ar- 
ranged in ring formation and mounted for rota- 
tion around the axis of the ring, are closed by 
a casing during the stages of compression and 
expansion, said casing merging into volutes In 
two diametrically opposed zones to guide the 
principal currents out of the apparatus during 
the stages of displacement at constant pressure. 
The zones of compression on one hand, and of 
expansion on the other hand, communicate with 40 
each other through connecting ducts secured to 
the casing. The vanes or partitions separating 
the chambers are hollow and the pressure ex- 
change current is by-passed through them whilst 
they traverse the zones aforesaid, 45 

A compressor rotor having blades thereon is 
mounted eccentrically within the ring, the varl- • 
able capacity required to create the compensat- 
ing current flowing parallel to the gas current 
undergoing compression, being constituted by 50 
the space comprised between successive blades. 

My invention will now be described in greater 
detail with reference to the accompanying draw- 
ings, which illustrate diagrammatically and by 
way of example the principle of the invention, 55 
some preferred embodiments thereof and ex- 
planatory diagrams. 

■ Fig. 1 is a diagrammatic view of the apparatus 
as a whole. 

Fig. 2 is a diagram illustrating the functions 60 
of the pressure -exchange current. 

Figs. 3 and 4 are diagrammatic sections taken 
through planes at right angles to the axis of 
revolution of a rotary apparatus, said sections 
being taken respectively on lines III — HI and 65 
IV— TV of Fig. 6. 

Fig. 5 is a diametrical section showing a modi- 
fication. 

Fig. 6 is a diagrammatic section on line VT — VI 
of Fig. 4. 70 

Figs. 7, 8 and 9 are explanatory sectional views 
similar to Fig. 6. 

Fig. 10 is a sectional view at right angles to 
the axis of rotation of an apparatus , provided 
with means for by-passing a portion of the pres- 75 
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sure-exchange current through hollow partitions 
or vanes. 

Fig. 11 is a section on line XI — XI of Fig. 10. 

Fig. 12 is a development of the periphery of 
5 the casing and of the connecting ducts of said 
apparatus according to Figure 10. 

Fig. 13 is a section similar to Fig. 4, illustrat- 
ing the arrangement of a compressor designed to 
provide a compensating current adapted to co- 
10 operate with the pressure-exchange current. 

Fig. 14 is a section on line XIV— XIV of Fig. 13. 

Fig. 15 is a sectional elevation on line XV — XV r 
of Fig. 17, illustrating another form of apparatus. 

Fig. 16 is a section on line XVT — XVI' of 
15 Fig. 17. 

Fig. 17 is a radial cross-section on line XVII — 
XVII' of Fig. 15 and 

Fig. 18 is a radial cross-section on line XVIII — 
XVIII' of Fig. 15. 

20 In the drawings I indicates the Totor compris- 
ing a ring of chambers 2 separated from each 
other by partitions or vanes 3, said rotor revolv- 
ing in a casing 4 provided' with inlet pipes 5, 5' 
and outlet pipes 6 , 6 ' connected with a high pres- 
25 sure heat exchanger 7 and a low pressure heat 
exchanger 7' respectively. 

The rotor revolving as indicated by the ar- 
row (Fig. 1) . it is assumed that compression tfkes 
place from A to B, and displacement under high 
30 pressure from B to C, the compressed and heated 
gas being cooled under constant pressure in the 
heat exchanger 7, and led back to the rotor be- 
tween B and C, wherein it expands from C to D. 
Upon having resumed its original pressure the 
35 cooled gas is delivered between D and A, into 
the exchanger 7' wherein it becomes heated un- 
der constant pressure; thence it is returned to 
the rotor, recompressed from A to B and started 
upon a fresh cycle. In the case of a chamber 
40 performing a complete revolution the successive 
u stages or phases are therefore: compression 
(A — B) , displacement (B — C) , expansion (C — D) 
and displacement (D — A). 

The ducts interconnecting the phases of ex- 
45 pansion C — D and of compression A — B are shown 
at 8 . Each of them is so arranged as temporarily 
to connect a chamber under expansion with a 
chamber under compression at a lower pressure. 
A transfer of fluid therefore takes place through 
50 said connecting ducts, from the chambers under 
expansion to the chambers under compression 
with which they are connected in succession. 
Whilst following the arc A— B, a chamber con- 
taining the fluid to be compressed will therefore 
65 receive a slight addition of fluid from each con- 
necting duct, and will undergo a series of partial 
compressions adapted to raise the pressure of the 
fluid contained therein to the final pressure re- 
quired. Likewise, whilst travelling along the arc 
GO C — D, some cf the fluid to be expanded will Issue 
into each duct 8 , until such fluid has resumed its 
initial pressure. 

Since the fluids in A — B and C — D are at dif- 
ferent temperatures, it is essential that they do 
G5 not mix, either in the chambers 2 or in the dis- 
placement zone B — C where admission and ex- 
haust take place simultaneously under constant 
pressure. According to my invention, I attain 
this result by maintaining in the ducts 8 and in 
-q the chambers 2 a continuous current adapted to 
separate the two main currents, to accompany 
them through phases A — B, B—C and C — D and 
to act somewhat like a gaseous screen or partition 
between them, without however entering the heat 
75 exchanger 7. 


The part played by such a gaseous partition will 
become apparent from a consideration of Figs . 

1 and 2 wherein the horizontal shading lines indi- 
cate the course followed by the fluid x to be com- 
pressed, and the vertical lines the course of the 5 
fluid y to be expanded, the oblique lines indicat- 
ing the pressure-exchange current z . As is il- 
lustrated most clearly in the diagram of Fig. 2, 
wherein the development of arcs A — B, B — C, 
C— D is shown as abscissae, and the width of the 10 
ring of chambers as ordinates, the arrangement 
is such that current z shall flow in the ducts 
8 , — urge the fluid to be compressed into the 
chambers comprised in the zone A — B, — separate 
in zone B — C the outgoing, compressed and hot 15 
fluid from the incoming fluid, similarly compressed 
but cooled, — and flow back thereafter into the 
ducts 8 under a pressure equal to that of the 
gas to be expanded in the zone C — D. 

The gaseous current may flow through the ring 20 
of chambers, from the centre towards the pe- 
riphery thereof or, inversely, from the periphery 
towards the centre, or again in a direction parallel 
to the axis of rotation. This latter arrangement, 
whereof two alternative constructional embodi- 25 
ments are shown in Figs. 5 and 6 affords Certain 
advantages as regards simplicity of construction, 
but it is to be understood that use of the present 
invention is by no means limited thereto. 

In the case of Figs. 5 and 6 the circulation 30 
of the gaseous streams through the heat ex- 
changers, the inlet and outlet pipes and the ro- 
tary apparatus, is ensured by suitably located 
fans 9 , 9 ' (Fig, 1) . The openings of the inlet and 
outlet pipes 5 , 5 ' and 6 , 6 ' extend throughout the 35 
length of arcs B — C and D — A. In Fig. 5 said 
pipes are arranged to extend over the parts B — C, 

D — A of the ring of chambers in a direction 
parallel to the axis of rotation, whilst in Fig, 6 
they enclose the peripheral edges of said parts, 40 
and are voluted as shown in Fig. 4. 

The connecting ducts 8 are external to the ro- 
tor. They likewise open into the casing 4 and are 
arranged on one side or on both sides of the 
same. 45 

The ends of the chambers 2 are provided with 
distributing ports 1 1, IV, in the shape of spoons * 
for example, which on passing before the orifices 
of the ducts 8 , connect the orifices 81, 82, 83, 84 
(Fig. 3) at one end. thereof with the chambers §q 
comprised in zone A — B, and orifices 81', 82', 83', 

84' at the opposite end of said ducts with the 
chambers comprised in zone C — D. 

In order that the flow of the gas currents shall 
• be more uniform the orifices 81 — 84, 81' — 84' of 55 
ducts 8 are given the same width as the vanes 
•or partitions 3 (Fig. 3), thus averting the short- 
circuits which would necessarily arise if the 
ducts were of greater cross-section. The occlu- 
sion caused by the passage of the vanes over the co 
orifices of the ducts 8 only lasts a fraction of a 
second and the effect thereof may be lessened if 
care is taken that the moment one end of a 
duct 8 is closed by a vane 3, the opposite end is 
at the center of a chamber. In this way both 65 
ends of the ducts can never be closed simulta- 
neously, whereby the continuity of operation is 
maintained and the progressivenesS' thereof is 
doubled. Indeed, whilst a chamber under ex- 
pansion (arc C — D) communicates with one par- 70 
ticular duct, the other end of said duct dis- 
charges successively into two consecutive cham- 
bers comprised in A — B, whereby two partial 
compressions are obtained during the pressure 
drop occurring in the corresponding arc. With 75 
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this arrangement likewise two chambers under 
expansion will deliver successively into one same 
duct, whilst it is connected with one chamber 
under compression. As a result, the number of 
5 partial expansions and of partial compressions 
is twice that of the number of ducts in use, i. e. 
eight in the case* of the example shown in the 
drawings, losses of energy and speed of circula- 
tion thus being reduced. 

10 As is shown in the drawings; the orifices of the 
" ducts 8 only extend over the parts of arcs A — B 
and C — D which are closely surrounded by the 
casiqg 4, thus preventing said ducts from com- 
municating with chambers not yet closed by the 
15 casing, and making it possible moreover, to pro- 
vide delayed admission and exhaust. 

To secure the progressive flow of fluids from 
one stage to the next one without any jar, means 
are provided to ensure that, over the whole 
20 length of arcs B — C and D — A, the velocity of 
the gas entering the chambers 2 on one hand, 
and Its outgoing velocity from said chambers on 
the other hand, shall be equal in magnitude and 
orientation to the speed assumed by the gas 
25 within the chambers under the combined in- 
fluence of the movement of said gas in said 
chambers and of the latter’s rotation. To en- 
sure this result the inlet pipes 5, l f and the out- 
let pipes $, r are arranged in tangential rela- 
90 tionship to the ring, and their cross-section is 
varied in accordance with a parabolic function. 

The gas admitted into a chamber at the end 
of a phase of displacement B — C or D — A is en- 
dowed with a certain velocity. The casing must 
33 however close this chamber in order to initiate 
the next phase (expansion or compression) . In 
order to avert jars, the internal edge of the ex- 
haust pipe has been given the form of a nose f 0 
(Fig. 4) , whose point is slightly spaced from the 
ring of chambers and is directed as the compo- - 
nent of the velocities of the escaping current, the 
Internal face of said nose gradually merging into 
a tangent to the ring of chambers. 

Instead of using a nose such as fO, I may also 
45 retard the velocity of the gas before closure, by 
effecting such closure by means of a member 
comprising parallel blades adapted to causp a 
pressure drop. 

Likewise, in order to retard the velocity at the 
^ end of the phase of displacement It is desirable 
that inlet pipe 5 should close before exhaust pipe 
I. This off-setting, Indicated by angle a on 
Fig. 4, is usually of a value approximating to 
that of the angle covered by the nose 10. 

£5 The chambers themselves are shaped so that 
their cross section a, taken at right angles to the 
direction of gas flow. Is approximately equal to 
their admission area b and to their exhaust area 
c (Fig. 6). In this figure, admission and ex- 
60 haust take place across the periphery of the ring 
of chambers. Alternatively they may of course 
be effected through the sides or through the In- 
terior of the ring. 

In operation the current hereinbefore called 
the pressure exchange current will be set up 
alongside of and parallel to the principal cur- 
rents for a great part of their course, owing to 
the continuity of circulation of the gas currents 
and to the means provided for guiding the same, 

70 If a chamber 2 (Fig. 7) be considered at the mo- 
ment when the compression phase has just 
ended, the horizontally shaded zone indicates hot 
compressed gas as it begins to escape through 6, 
the vertically shaded zone denotes the com- 
75 pressed but cooled gas admitted through 5, and 


the oblique shading lines indicate the pressure- 
exchange current z, which has been admitted In- 
to the chamber by the ducts 8 during the com- 
pression phase A — B, and has compressed the 
gas contained therein. During the displace- 6 
ment phase B — C, the current z travels from 
one end of the chamber to the other whilst re- 
maining interposed between the warm, outgoing 
current and the cold, incoming current. Ve- 
locity is so regulated, that pipe 6 is closed when io 
current z , reaches the opposite end of the cham- 
ber (Fig. 8), whereupon orifices 81', 82', 82', 84' 
of ducts 8 are brought in succession opposite 
the port H\ and each of them allows a portion 
of . the current z to pass therethrough. Since 15 
the opposite ends of ducts 8 open into chambers 
under lower pressures, the expansion of the fluid 
from C to D drives the curre it z through the 
connecting ducts 8 and into 4 3 chambers com- 
prised within the zone A — 7 Fig. 9 shows a 20 

chamber of zone A — B wherei 7 the ports 1 1 de- 
liver current 2, said current gradually compress- 
ing the gas until it escapes (Fig. 7) and the dis- 
placement phase starts afresh. 

In Figs. 7 to 9 the two ends of ducts 8 are ar- 25 
ranged, at opposite sides of the rotor, so as to 
restore the pressure-exchange current to its 
initial position. In practice it is possible to ar- 
range the ducts at one side of the rotor by using 
one set of ports I i (Fig. 6) only, the stream 2 30 
then flowing in the chamber first in one, and 
then in the reverse direction. 

In some cases I may advantageously determine 
the location of the pressure-exchange current 
and guide positively such current within the 35 
chambers 2 by means of partitions extending 
into said chambers In order more effectively to 
prevent intermixing of the gas currents at dif- 
ferent temperatures, such partitions bounding in 
each chamber a zone more particularly adapted 40 
to * receive and localize the pressure-exchange 
current. In a convenient embodiment of my in- 
vention, illustrated in Figs. 15 to 18 of the ac- 
companying drawings, the said partitions, shown 
at 21, extend co-’axially to the rotor I, in a dl- 45 
recfcion parallel to the flow of gases during the 
phase of displacement or scavenging. 

In this form of apparatus, the general ar- 
rangement of the inlet and outlet pipes 5, 

6 and 5', 6' is similar to that shown in Fig. 5. In 50 
each chamber is a partition 2i which divides it 
into a main chamber 2a adapted to be period- 
ically connected with the inlet and outlet pipes 

5, 6 and 5', 6', and an antechamber 2 b more 
particularly intended for accommodating the 55 
pressure-exchange current. To this end each 
antechamber 2b is provided at one end with a 
port 1 1 for letting in or out the pressure-ex- 
change current and at the other end with an 
opening 22 communicating with the adjacent 50 
chamber 2a. 

It is desirable that during the phase B — C of 
scavenging under high pressure the portion of 
the pressure-exchange current 2 located in said 
antechamber be excluded from the scavenging in 65 
order that only the warm compressed gas x be 
admitted to the heat- exchanger 7. For this pur- 
pose the inlet pipe 5 and outlet pipe 6 which are 
connected with the high-pressure heat exchanger 

7 in the manner shown in Fig. 1, have a reduced 70 
height corresponding to that of the chamber 2a 
(Figs. 15 and 17), so that only the chambers 
2a are swept by the gases during the phase B — C 

of displacement or scavenging under high pres- 
sure. 75 



94 


2,045,152 5 

The low-pressure pipes 5' and 6\ on the con- During the compression phase, the ports 12 
trary, may extend over the entire height of both are connected in a like manner with the branches 
chambers 2a and 2b, as it is of advantage that, 85, 86, 87, 88 of ducts 8, situated rearwardly of 
during' the phase D — A of scavenging under low- the respective orifices 81, 82, 83, 84 of said ducts 
5 pressure, the pressure-exchange gas shall be by an angle corresponding to one chamber, so g 
evacuated and caused to give off outside the ap- that the pressure inside a vane is slightly higher 
paratus the cold generated by its expansion. than that obtaining in the two chambers adja- 

It will be observed that it is advisable that the cent the same. A portion of the current z will 
’ direction of Sow of the gases in the pipes 5', 6' therefore be by-passed from each duct 8, be col- 
10 be reversed with respect to the direction of flow lected by the ports 12 of successive vanes, and 10 
in the pipes 5, 6, in order that only ( the gas z ' flow through the latter and follow the internal 
which has been driven out of the antechamber periphery of the casing to reach the chambers 
2b shall always form, during the scavenging, a- in the compression stage. 

cushion between the warm gas x and the cold The quantities of fluid thus by-passed and de- 
25 gas y, ,the scavenging under high pressure being livered from the expansion phase on one hand, 15 
so regulated as to avoid as much as possible, or and into the compression, phase on the other 
desirable, the escape of this cushion from the hand, may be variable but they must be sufficient 
rotor. to prevent leakages between adjacent chambers. 

It will be understood, with reference to Figs. It will be seen that in the position of the ro- 
20 17 and 18, that the function of the pressure-ex- tor illustrated in Figs. 10, 11, 12, the orifices of 20 
change current remains the same as described ducts 8 on the “compression” side are in the 
above. During the compression phase A — B, the radial axes of the chambers fed by said ducts, 
pressure-exchange current 2 delivered into an whereas on the “expansion” side the orifices face 
antechamber 2b through the successive orifices partitions 3, according to a characteristic herein- 
25 81, 82, 83, 84 of the ducts 8, gradually com- before set forth. In meeting this requirement it 25 
presses the gas in the adjacent chamber 2a is important that, at the moment under con- 
(Fig. 18, top) . The relative dimensions of the sideration, the orifices facing the partitions will 
chambers 2a, 2b are such that at the beginning be closed thereby. To this end, over a portion 
of the scavenging phase B — C, a part Z ' of the corresponding to the width of the ports 1 1 and 

30 gas z has reached a position opposite the inlet 5 IF each hollow partition or vane 3 is closed 30 

and separates the outflowing warm gas a: 'from outwardly by peripheral walls 31, 31' which 
the incoming cold gas y(Fig. 17, top). During separate successive ports and thus, prevent di- 
• "the expansion (C — D) the gas z is driven back rect communication between the orifices 81 — 84, 
through the openings 81', G2\ 83', 84' of the 81' — 84', and the interior of partitions 3. The 
55 ducts 8 (Fig. 18, bottom) towards the chambers successive ports 12, 12' are .likewise separated 35 

in the phase of compression. Then the low- from each other by walls 32, 32'. Fpr the sake 

pressure scavenging (phase D — A, Fig. 17, bot- of clearness, the walls 31, 31', 32, 32' in Fig. 12 

tom) carries away the cold gas which filled the have only been shown in the expansion zone 

chambers 2a and 2b and replaces them by C— D. 

40 warmer gas to be compressed. In the apparatus described so far the chain- 40 

According to a further feature of my invention, bers 2 have a constant volume. However during 
tlie gaseous partition constituted by the pres- . its passage into the heat exchanger 7 or 7' the 
sure-exchange current interposed between the gas undergoes a change of volume due to varia- 
expanding gas and the gas undergoing compres- tion of temperature, and this change of volume 
45 sion, is so extended as to complete the separa- must be compensated by an equivalent addition 45 
tion between adjacent chambers, and to avert * or withdrawal of gas. Possible leakage losses 
leakages from one chamber to another along the must likewise, be compensated. This work of 
internal periphery of the casing. I obtain this compensation involves the most important ex- 
by by-passing a portion of the pressure-exchange penditure of energy in the cycle and it is effected 
50 current from the ducts 8 through the vanes or in the case of the example under consideration, ® 
partitions 3 which are then made hollow. To by combining a compressor rotor with the ring 
this end, as illustrated by way of example in Figs, of constant capacity chambers under such condi- 
10 to 12, the hollow partitions 3 are extended tions that the continuity of the pressure-ex- 
outwarcUy at 30, 30' respectively, between the change current is not affected, j 
ports II on one hand, and IF on the other As is shown in Fig. 13, the rotor 13 of this corn- 
hand, and they are connected to forwardly offset pressor is mounted eccentrically within the rotor 
distributing members or ports 12, 12', while the f and comprises a plurality of radially sliding 
ducts 8 are provided with branches whose orifices blades 14, the number of which is slightly larger 
85, 86, 87, 88 and 85', 86', 87', 88' are offset rear- than that of the vanes 3 of the rotor l._ These 6Q 
60 wardly with respect to the normal orifices 81, 82, blades confine variable capacity chambers 15, 

83, 84 and 81', 82', 83', 84' by an angle corre- each connected with a chamber 2 by an open- 
sponding to one chamber. . j n g j0 

In this manner, since the ports 12' are placed The* relative displacement of blades 14 along 
into communication with the successive branches the inner wall of rotor I is limited to a small ^ 
65 85', 86'. 87', 88' during the expansion phase, the alternating motion if rotors f and 13 rotate at 
pressure inside a vane 3 between C and D will the same. speed. Since each chamber 2 is in con- 
be slightly lower than that simultaneously ob- stant communication with a chamber 15 it con- 
taining in the two chambers separated by said stitutes, with the latter, a chamber whereof the 
vane. A portion of the current 2 therefore will capacity varies during the course of a revolution' 

70 be by-passed, from each chamber under ex- between a maximum volume corresponding to 
pansion, towards and through the vane and into that occupied by the gas at its temperature before 
the duct 8 in front of which said vane passes,’ admission into exchanger 7 and its minimum vol- 
said portion then joining the main body of cur- urne corresponding to that of said gas after pass- 
rent 2 in said duct. ‘ tog through the exchanger. 
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In practice however, such an arrangement 
would suffer from the disadvantage of periodi- 
cally reversing the direction of motion of each 
blade along the wall f. This disadvantage may 
5 be overcome by causing the rotor f3 to revolve 
slightly faster than rotor f, so that the relative 
velocity of the blades along wall I, which is a 
sinoidal function, shall always be positive. As is 
shown in Fig. 14, the openings 16 formed in the 
10 inner wall of the rotor I are so arranged that the 
compensating air current is sent into that portion 
of each capacity which contains gas at a like 
temperature. In the case of Fig. 14, the opening' 
16 faces the end of the capacity 2 which is oppo- 
16 site port i I so that the gas entering by said open- 
ing is in contact with the compressed and heated 
gas, and not with the gas issuing from the con- 
necting ducts. Thus, the opening also faces the 
outlet pipe 6 and the gas flowing through said 
20 opening is enabled to escape without impeding 
the main currents in the zone B — C. 

The result of this arrangement is that the cur- 
rent generated by the bladed rotor is added to or 
subtracted from the current of air displaced at 
25 constant pressure. In point of fact, it is during 
the stages B — C and D — A of displacement or 
scavenging at constant pressure, that the bladed 
compressor must cause the variations of volume, 
and the angle of advance of said compressor must 
30 be selected with that end in view. During the 
stages of expansion and compression, the varia- 
tion in volume is caused by the connecting ducts 8. 

If desired the arrangement shown likewise 
allows use to be made of the compensating cur- 
35 rent, to assist the pressure-exchange current in 
preventing the occurrence of leakages along the 
lines of contact of surfaces moving relatively to 
each other, to this end it is only necessary to pro- 
vide additional openings at points 16' so situated 
40 in the internal wall of rotor I as to cause a por- 
tion of the compensating current to be by-passed 
through the hollow vanes or partitions 3. 

Since the variation of volume produced by the 
compensator is practically restricted to two dia- 
45 metrically opposed arcs, it will be readily under- 
stood that if the angular position of said arcs be 
modified relatively to the arcs B— C and C — D, 
the variation of volume obtained during the con- 
stant pressure displacement will likewise be 
&° varied. The delivery of the compensator may 
be modified as desired by regulating the lead of 
the compressor, i. e. by turning the centre O' of 
the rotor (3 through a given angle around the 
centre* 0 of rotor I. Means thus are available to 
55 act upon the compensating current and, through 
the same, upon the other gas currents, irrespec- 
tive of the manner in which the speed of rotation 
of the apparatus may be adjusted. 

Fig. 14 shows an arrangement whereby this re- 
^ suit may be attained in a simple and convenient 
manner. To the rotor 1 revolving on a station- 
ary shaft 0 is rigidly secured an internally 
toothed ring 17. On shaft 0 is a crank Q\ upon 
which rotates the rotor 13, rigidly connected to a 
65 spur wheel 18 meshing with ring f7. Rotor I is 
driven by an. appropriate motor and actuates 
rotor 13 at a speed determined by the ratio of the 
gears 17 and 18. A worm wheel 19 secured to 
70 shaft 0 meshes with* a worm 20. The angular 
position of crank O', i. e. the compressor lead may 
thus be adjusted as desired by rotating said worm. 
This adjustment may be effected during opera- 
tion of the apparatus, as gears 17 and 18 always 
75 remain in mesh. 


The constructional embodiments above set 
forth may of course be varied without departure 
from the scope of the present invention. For 
example circulation of the gas currents through 
the chambers may be directed, as aforesaid, from 5 
the centre of the rotor towards its periphery or 
vice versa. In either case the circulation of the 
currents may be maintained by the apparatus 
itself, acting as a fan, the use of separate fans 
then being superfluous. The partitions between 10 
chambers then would be defined more exactly by 
the term “vane” which has been used hereabove 
by extension, to distinguish said partitions from 
the other walls. On the other hand the ring of 
chambers, the connecting ducts and other dis- 15 
tributing members as well as the compensator 
may be shaped or arranged in any suitable man- 
ner. The term “rotary apparatus” herein is in- 
tended to include any apparatus whereof one 
part, whether the series of chambers or the dis- 20 
tributor, is movable relatively to the other parr, 
whatever may be the form or the arrangement of 
said parts. 

I claim: 

1. In a process of performing conversions of 25 
thermal and mechanical energy, in which a gas is 
successively subjected to a variation in pressure, 

a heat-exchange under constant pressure, and a 
reverse variation in pressure, the steps of directly 
transmitting pressure from the gas in one stage 30 
of pressure variation to the gas in another stage 
of pressure variation thus creating a pressure- 
exchange current, maintaining and guiding said 
current to cause same to form a gaseous partition 
between the gas in said first stage of pressure 35 
variation and the gas in said second stage of pres- 
sure variation. 

2. In a process of performing conversions of 
thermal and mechanical energy, in which a gas 

is successively subjected to a compression stage, 40 
a heat-exchange under constant pressure, and an 
expansion stage, the steps of circulating the gas 
in the expansion stage and the gas in the com- 
pression stage at a certain speed and in a certain 
direction, directly transmitting pressure from 45 
the gas in the expansion stage to the gas in the 
compression stage thus creating a pressure-ex- 
change current, causing said pressure-exchange 
current to circulate at the same speed and in the 
same direction as the gas in the expansion stage 50 
and the gas in the compression stage, and caus- 
ing said pressure-exchange current to form a 
gaseous partition between the gas in the expan- 
sion stage and the gas in the compression stage. 

3. In a process as claimed in claim 2, circulat- 55 

ing the pressure-exchange current in a closed 
circuit and causing it to accompany successively 
the gas in the compression stage and the gas in 
the expansion stage without partaking in the 
heat-exchange. G0 

4. In a process as claimed in claim 2, by-pass- 
ing a portion of the pressure-exchange current 
to prevent leakage due to differences in pressure 
at different points of the circuit. 

5. In a process as claimed in claim 2, corn pen- 
sating the variation in gas volume due to the 
heat exchange by means of a current guided in 
the same direction and at the. same velocity as 
the pressure-exchange current. 

6. In a process as claimed in claim 2, by-pass- 
ing a portion of the pressure-exchange current 
to prevent leakages due to differences in pres- 
sure at different points of the circuit, compen- 
sating the variation in gas volume due to the 
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heat exchange by means of a- current guided in 
the same direction and at the same velocity as 
the pressure-exchange current, and causing a 
portion of the compensating current to unite and 
5 cooperate with that portion of the- pressure-ex- 
change current utilized to impede' leakage. 

7. In an apparatus for performing conversions 
of thermal and mechanical energy, the combina- 
tion of a stationary part and a^movable part, one 
10 of said parts comprising a plurality of chambers, 
the other of said parts comprising a distributor, 
said distributor comprising a casing surrounding 
said chambers, inlet and outlet pipes fof said 
chambers and ducts for periodically connecting 
15 said chambers with each other, a heat-exchanger 
connected to said inlet and outlet pipes, and 
means for setting up and maintaining a current 
o' gas within said chambers and through said 

lets. 

20 8 . In an apparatus for performing conversions 

thermal and mechanical energy, the combina- 
tion of a stationary part and a rotary part, a 
heat-exchanger, one of said parts comprising a 
ring of chambers and radial partitions between 
25 said chambers, the other of said parts compris- 
ing a casing surrounding said chambers, inlet 
and outlet pipes adapted periodically to connect 
said chambers with said heat exchanger, and 
ducts adapted to connect chambers of a region 
3 <) . beyond said pipes with chambers of a region in 
front of said pipes, the chambers in one of said 
regions being adapted to contain gas in the course 
of expansion and the chambers in the other of 
said regions being adapted to contain gas in the 
35 course of compression, and means for setting up 
and maintaining a so called “pressure-exchange” 
current of gas within, said chambers and through 
said ducts from the chambers in the region cor- 
. responding to expansion to the chambers in the 
40 region corresponding to compression. 

9. In an apparatus as claimed in claim 8 , said' 
ducts having end orifices of a width equal to 
that of the said radial partitions. 

10. In an apparatus as claimed in claim 8 , said 
45 ducts having end orifices so arranged and so pro- 
portioned that one extremity of a duct is oc- 
cluded by one of said partitions while the oppo- 
site end of said duct is' in the radial axis of one 
of said chambers. 

50 11. In an apparatus as claimed in claim 8 , 

ports for each of said chambers, said ports being 
adapted to cooperate with the end orifices of said 
ducts. 

12. In an apparatus as claimed in claim 8 , said 
55 inlet and outlet pipes having orifices equal to 

the cross-section of the chambers at right angles 
to the direction of the gas currents, an orienta- 
tion which is tangential to the flow of the cur- 
rents at the outset of admission and the end of 
00 exhaust and a cross sectional area varying ac- 
cording to the generally parabolic law governing 
delivery during the displacement stages. 

13. In an apparatus’ according to claim 8 , said 
Inlet and outlet pipes having closure edges so 

05 shaped and so placed relativey to each other as 
to influence the velocity of the gas current so as 
to cause same to become tangential to the ring of 
chambers. 

14. In an apparatus according to claim 8 , said 
70. outlet pipes having a closure edge shaped as a 

hose having its point slightly spaced away from 
the ring of chambers and connected by a curve 
with a tangent to said ring. 

15. In. an apparatus according to claim 8 , 
75 means for guiding the pressure-exchange cur- 


rent in said chambers in a direction parallel to 
the axis of said rotary part. 

16. In an apparatus according to claim 8 , par- 
titions dividing each chamber of the row of cham- 
bers into a main chamber and an antechamber, 5 
each said antechamber having at one end a port 
adapted to co-operate with said ducts and at its 
other end an aperture opening into the adja- 
cent main chamber. 

17. In an apparatus as claimed in claim 8 , said 10 
radial partitions being hollow, means being pro- 
vided for by-passing a portion of the pressure- 
exchange current through said hollow partitions 

to prevent leakage between the chambers sepa- 
rated by said partitions. 15 

18. In an apparatus as claimed in claim 8 , said 
radial partitions being hollow, means being pro- 
vided for inducing in said hollow partitions in 
the region corresponding to compression a pres- 
sure slightly above that obtaining in the adja- 20 
cent chambers, and for inducing in said hollow 
partitions in the region corresponding to expan- 
sion a pressure slightly below that obtaining in 
the adjacent chambers. 

19. In an apparatus according to claim 8 , said 25 
radial partitions .being hollow, distributing ports 
for said hollow partitions, branches on said ducts, 
the orifices of said branches being offset relatively 

to the normal orifices of said ducts, said ports 
being adapted to co-operate with the orifices of 20 
said branches. 

20. In an apparatus according to claim 8 , 

means for compensating the variation in volume 
undergone by the gas flowing through said heat 
exchanger. 23 

21. In an apparatus according to claim 8 , addi- 
tional chambers of variable volume associated 
with the first-mentioned chambers, said variable- 
volume chambers being so connected with said 
first mentioned chambers as to direct thereinto 40 
a compensating current in a direction parallel 

to the pressure-exchange current. 

22. In an apparatus according to claim 8 , an 
eccentric rotor mounted within said ring of cham- 
bers, and radial blades slidably mounted in said 45 
rotor and forming therewith a compressor, the 
variable-volume chambers comprised between said 
blades communicating through suitable openings 
with the chambers of said ring of chambers. 

23. In an apparatus according to claim 8 , a 50 
shaft eccentric to said ring of chambers, a rotor 
mounted on said shaft inside said ring of cham- 
bers and forming therewith a plurality of variable- 
volume chambers, said variable-volume chambers 
communicating with the chambers of said ring 55 
of chambers, an internally toothed ring rigidly 
connected with said ring of chambers, a pinion 
rigidly connected with said eccentric shaft and 
meshing with said internally toothed ring. 

24. In an apparatus according to' claim 8 , a 
rotor eccentrically mounted inside said ring of 
chambers and forming therewith a plurality of 
variable- volume chambers, said variable-yolume 
chambers communicating with the chambers of <55 
said ring of chambers, and means comprising a 
worm wheel and worm for varying the angular 
position of said rotor with respect to the axis of 
said ring of chambers. 

25. In an apparatus according to claim 8 , said 70 
radial partitions being hollow, a rotor eccentri- 
cally mounted inside said ring of chambers and 
forming therewith a plurality of variable-volume 
chambers, said variable-volume chambers being 
connected with the chambers of said ring of 75 
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chambers and with the interior of said hollow 
partitions, 

26. In a process of performing: conversions of 
thermal and mechanical energy, in which a gas 

5 is successively subjected to a compression stage, 
a heat-exchange stage under constant pressure, 
and an expansion stage, the steps of circulating 
the gas In the expansion stage and the gas in 
the compression stage at a certain speed and in 
10 a certain direction, directly transmitting pres- 
sure from the gas in the expansion stage to the 
gas in the compression stage, thus creating a 
pressure-exchange current, maintaining and 
guiding said current to cause it to form a gas- 
15 eous partition between the gas in said compres- 
sion stage and the gas in said expansion stage. 

27. In an apparatus for performing conversions 
of thermal and mechanical energy, the combina- 
tion of a stationary part and a movable part, one 

20 Of said parts comprising a plurality of cham- 
bers, the other of said parts comprising a dis- 
tributor, said distributor comprising a casing 
communicating with said chambers, inlet and out- 
let passages for said chambers, and means for 
25 periodically establishing communication between 
said chambers, a heat exchanger connected to 
said inlet and outlet passages, and means foi 
setting up and maintaining a current of gas with- 
. in said chambers. 

SO 28. In an apparatus for performing conversion 
of thermal and mechanical energy, the combina- 
tion of a stationary part and a movable part, a 
heat exchanger, one of said parts comprising a 
ring of chambers and radial partitions between 
35 said chambers, the other of said parts comprising 
a casing surrounding said chambers, inlet and out- 
let pasages adapted periodically to connect said 
chambers with said heat exchanger, and ducts 
adapted to connect chambers of a region beyond 
40 *&id passages with chambers of a region in front 
of said passages, and means for setting up and 
maintaining a current of gas within said cham- 
bers and through said ducts. 

29. In an apparatus according to claim 8, an 
45 eccentric rotor mounted within said ring of cham- 
bers, and radial blades slidably mounted in said 
rotor and forming therewith a compressor, the 
variable volume chambers comprised between said 
blades communicating through suitable openings 
50 with the chambers of said ring of chambers, and 


means for varying the angular position of said 
rotor with respect to said ring of chambers. 

30. In an apparatus according to claim 8, an 
eccentric rotor mounted within said ring of cham- 
bers, and' radial blades slidably mounted in said 6 
rotor and forming therewith a compressor, the 
variable volume chambers comprised between said 
blades communicating through suitable openings 
with the chambers of said ring of chambers, and 
means for rotating said rctor in the same dlrec- 10 
tion as and at a slightly higher speed than said 
ring of chambers. 

31. In a process of performing conversion of 
thermal and mechanical energy, in which a gas 
is successively subjected to a compression stage, 
a heat exchange stage under constant pressure, 
and an expansion stage, the step of circulating 
the gas ih the expansion ^tage and the gas in 
the compression stage at a certain speed and in 

a certain direction, directly transmitting pres- 2 o 
sure from the gas in the expansion stage to the 
gas in the compression stage, thus creating a 
pressure exchange current, excluding said pres- 
sure exchange current from the heat exchange 
while maintaining and guiding said current to 25 
cause it to form a gaseous partition between the 
gas In said compression stage and the gas in 
said expansion stage. 

32. In a process of performing conversion of 
thermal and mechanical energy, in which a gas 39 
is successively subjected to a compression stage, 

a heat exchange stage under constant pressure, 
and an expansion stage, the step of circulating 
the gas in the expansion stage and the gas in 
the compression stage at a certain speed and in 35 
a certain direction In an apparatus separate from 
that in which the gas is subjected to the heat 
exchange stage, directly transmitting pressure 
from the gas in the expansion stage to the gas 
In the compression stage, thus creating a pres- 49 
sure exchange current maintaining and guiding 
said current so that it circulates with the gas 
in the compression stage and the gas in the ex- 
pansion stage in the first mentioned apparatus 
to cause it to form a gaseous partition between 45 
the gas in said compression stage and the gas 
in said expansion stage but which is not allowed . 
to circulate through the heat exchange appa- 
ratus. 


ALBERT FRANCOIS LEBRE. w 
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A pressure exchanger is a machine which takes 
in a gas, for Instance air, at a lower pressure 
stage, compresses it and delivers it at a higher 
pressure stage, whilst at the same time the ma- 
chine expands a different gas or the same gas in 6 
a different condition from the higher to the lower 
pressure stage. Pressure exchangers are used for 
refrigerators, heat pumps, gas turbines, charging 
sets for combustion engines, chemical processes, 
pressure fired steam boilers, and the like. For jq 
the two aforementioned tasks which have to be 
performed it is' known to use cell rotors which 
operate in the manner illustrated in Figs. 1 and 2 
of the accompanying drawings. 

The present invent 1 ui deals with an entirely 15 
novel construction and method of operating cell 
rotors and enables a machine with a good effi- 
ciency, highest capacity and compact design to be 
produced by effecting at least the major part of 
the compression by means of compression waves 20 
and at least the major part of the expansion by 
means of expansion waves which shoot through 
the cells. 

The invention Is explained in greater detail by 
means of the accompanying drawings, in which: 25 

Fig. 1 shows a cross-section through a cell 
rotor and Fig. 2 one embodiment of the pressure 
exchanger in longitudinal section. 

Fig. 3 shows the development of the periphery 
of a cell rotor. 30 

Pig. 4 shows the relationship between the pres- 
sure ratio in front and behind the rotor and the 
scavenging velocity. 

Fig. 5 shows the development of a cell rotor 
with helical cells. 35 

Figs. 6a and 6b show the velocity diagrams for 
straight and sloping cells. 

Fig. 7 Is a pressure and velocity diagram for 
one revolution of the rotor. 

Fig. 8 shows the development of a cell rotor 40 
operating as a compressor during scavenging 
periods. 

Fig. 9 shows the development of a two-stage 
cell rotor. 

Fig. 10 shows in diagrammatic form the appli- 45 
cation of the pressure exchanger with a combus- 
tion turbine plant. 

Fig. 11 shows part of a cell rotor to an en- 
larged scale. 

Fig. 12 shows part of a modified form of cell 50 
rotor. 

Fig. 13 shows a modified form of pressure ex- 
changer. 

Figs. 1 and 2 show in diagrammatic form a 
cell rotor of a known type In cross-section and 55 


longitudinal section, respectively. The rotor or 
wheel is represented by the reference numeral f , 
while 4 are the cell walls and 2, 3 the casing. 
Air Is drawn Into cell S through suction channel 
5, for instance, by means of a fan e. This cell 
6 after a certain rotation reaches position g and 
discharges the air into pressure chamber 7. It is 
assumed that the cell rotor operates as a heat 
pump. The compressed air Is supplemented in 
a known manner by the air compressed in blower 
i, is cooled in a heat exchanger k and then by 
means of fan l is passed back to the cell rotor 
where it is expanded and discharged at 13. 

At the Instant when the compression cell comes 
Into communication with the pressure chamber 
gas is impelled suddenly into the cell. When the 
expansion cell is opened to the lower pressure 
chamber gas is expelled suddenly from the former 
into the latter. Various means are known which 
serve to prevent the loss occasioned by these pul- 
sations in the gas flow, such as eccentric loca- 
tion of the rotor with movable cell walls or vanes, 
conduits for a gradual equalization of the pres- 
sure in the compression and expansion cells, and 
the like. These measures certainly result in an 
improvement in efficiency but the capacity of 
machines of this kind is very limited either due 
to mechanical stresses or flow losses in the equal- 
izing conduits. Furthermore, only moderate 
peripheral speeds and flow velocities can be ob-. 
talned. 

The machine consists of a simple cell rotor 
with fixed cell walls or vanes as shown in Figs. 1 
and 2. The lower pressure stage Is provided with 
a scavenging section In which the fresh gas to be 
compressed displaces the expansion gas, and in 
the upper pressure stage there Is a scavenging 
section in which the gas to be expanded displaces 
the compressed gas. The novel method of oper- 
ating the machine is achieved by the special 
position and shape of the fixed and movable chan- 
nels in the casing, as shown in Fig. 3. This figure 
represents a development of the periphery of the 
cell rotor of one embodiment of the invention. 

I — I is the rotor In its developed form, 2 — 2 and 
3 — 3 are the development of a cylindrical section 
through the casing on both sides of the rotor. 
The radial cell walls appear in the figure as 
straight lines 4. One rotation of the rotor cor- 
responds to a displacement of the developed pe- 
riphery from left to right. Compression gas 
flows from the suction space 5 Into cells 6 and 
thus displaces the contents of the cells produced 
by expansion to space 7. As soon as fresh gas 
fills the cells the ends of the cells are closed 
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due to the rotation of the runner by a control 
edge 8 in the casing. The cell contents are still 
moving when the cell is closed. The sudden clos- 
ing of the end of the cell produces a pressure 
wave the height of which depends upon the speed 
of the rotor and which shoots through the cell 
from the outlet to the inlet end. Since the cell 
is moving the wave front describes the dash-dot 
path 8 — 9 shown in : he figure. 

When the entire cell contents have reached a 
higher pressure level, that is at the Instant when 
the wave front reaches the front end of the cell, 
it is closed by the control edge 9 so that the 
compressed gas is trapped and locked up to the 
higher pressure level. 

The cell with its trapped contents moves fur- 
ther to the right. Its front end becomes open at 
10 to space 1 1 in which the expansion gas is at a 
higher pressure than the contents of the arriving 
cell. This results in a fresh pressure wave which 
with approximately the velocity of sound shoots 
through the cell from the front to the rear along 
the path 10 — 12. At the instant when this pres- 
sure wave reaches the rear end of the cell it Is 
put into communication with pressure space 13 
by means of control edge 12. Behind the pres- 
sure wave the gas has begun to move with a 
velocity depending on the pressure jump. This 
flow velocity is different from the velocity of 
sound or the velocity of the wave front. It is 
generally considerably lower. 

Both ends of the cell are now open and its con- 
tents are moving. The compressed gas dis- 
charges into space 13 and the gas which is to be 
expanded flow's in from space I !, care being taken 
that the casing is equipped for the correct Inflow 
and discharge conditions. 

As soon as a sufficient quantity of the gas which 
is to be expanded has flowed in, the front end of 
the cell is closed by the edge 14. The supply of 
gas is thus interrupted suddenly and an expan- 
sion wave is generated which shoots through the 
cell along the path 14 — lb. When the expansion 
wave reaches the opposite end of the cell this 
latter is closed by edge 15. The entire contents 
of the cell have come to rest and the pressure is 
lower than that of the upper pressure stage. At 
the edge 1 6 the outlet ends of the cells open, and 
the contents of the cells which have come to rest 
commence to flow out into the space 7 until the 
edge 17 also uncovers the inlet ends, and this 
movement of the cell contents toward 7 is 
strengthened by the compression gas at 5 and so 
on. This results in a fresh expansion wave which 
sets the cell contents into motion again. Scav- 
enging at the lower pressure stage is thus initi- 
ated. The cycle of operations described for the 
cell is completed and repeats itself. The new 
principle on which the machine operates is there- 
fore useful compression by means of compression 
waves and useful expansion by means of expan- 
sion waves. The wandering compression and ex- 
pansion waves effect a transformation between 
the pressure and kinetic energy of the scavenging 
movement. 

Fig. 4 shows the relationship between the pres- 
sure ratio in front and behind the wave and the 
scavenging velocity. The abscissae A shows the 
velocity as a ratio to the velocity of sound (Mach 
number) whilst the -ordinates B show the pres- 
sure ratio. The scavenging velocity must In- 
crease with the pressure ratio. In a rotor with 
axial cells the gas emerges with a velocity whose 
axial component is equal to the scavenging veloc- 
ity and whose tangential component is equal to 


the peripheral speed of the rotor. At higher 
speeds the gases emerging from the cells possess 
considerable energy which can only be partially 
converted into useful work by means of suitable 
5 diffusors. 

The outlet energy can be reduced if the axes cf 
the cells are not arranged parallel to the axis of 
the rotor or in radial planes but at an angle to 
these planes or helically or pirally. 

10 Fig. 5 shows the development of a pressure ex- 
changer with a rotor having helical cells. The 
method of operation is fundamentally the same 
as that already described. Reference numerals I 
to 17 refer to the same elements as in Fig. 3. 

15 Figs. 6a and 6b show the velocity triangles for 
straight and sloping cells; w is the velocity of flow 
relative to the cell during scavenging. This ve- 
locity deterrr \es the pressure ratio, u repre- 
sents the per leral velocity of the cell. Relative 
20 velocity and ripheral velocity give the resultant 
absolute velocity c. This is the velocity with 
which the gas emerges from the rotor into the 
casing. It will be noticed that in Fig. 6a c is con- 
siderably larger than w; in Fig. 6b, however, c is 
25 smaller than w. 

In axial cells the pressure of the gas increases 
with the radius as a result of the centrifugal 
force. When there is a difference of density be- 
tween the two gases present during scavenging, 
20 the pressure increase is greater in the gas of 
higher density. This upsets the equilibrium 
within the zone of contact of the two gases and 
causes the gases to mix. A strong mixture of 
gases is however unfavourable to the proper func- 
25 tioning of the heat exchange. 

If however the cells are helical, the tangential 
component of the absolute motion is decreased 
and the centrifugal effect partly or totally sup- 
pressed 

40 Fig. 7 shows in a diagrammatic manner the 
course of the pressure and the velocity of flow 
in the center of a cell during one revolution. I 
is the scavenging section at the lower pressure 
stage with pressure Pi, and velocity wr, TL is the 
compression section with pressure P« and velocity 
to=0 ; in is the scavenging section at the upper 
pressure stage with pressure Pa and velocity in?; 
IV is the expansion section with pressure Pi and 
velocity iv =0. 

50 The velocity of a scavenging stream which is 
set in motion by a pressure wave is ms stained 
during the entire scavenging period if care is 
taken that the resistances in the scavenging cir- 
cuit, both inside and outside the pressure ex- 
55 changer, are overcome by a fan for instance. On 
the other hand the velocity can be allowed to 
decrease during the scavenging period. By this 
means energy is released which can overcome the 
resistances in the scavenging circuit. The scav- 
50 enging fan is thus relieved of its load and de- 
pending upon the resistances in one or the other 
of the scavenging sections, it can be entirely dis- 
pensed with or the gas be used to do useful work. 
The corresponding course of the pressures and 
C5 velocities are shown by the broken lines in Fig. 7. 

On the other hand it is possible to allow the 
scavenging blower to produce a higher pressure 
than is necessary to overcome the resistances in 
the scavenging circuit. By this means the scav- 
70 enging stream in a cell is accelerated between 
the beginning and end of the scavenging sec- 
tion. The compression wave at the end of the 
lower scavenging period will be increased and the 
gas to be compressed will be trapped at a higher 
75 pressure. Similarly at the end of the upper scav- 



3 


103 


9,899,364 

enging period the gas to be expanded will be momentum In the direction of rotation is de- 

trapped at a lower pressure. More gas is there- creased, the cell rotor operates as a turbine. The 

fore compressed and less gas expanded. As a re- power delivered at the shaft is at the cost of the 

suit of this, for instance the auxiliary blower used scavenging power. The scavenging velocity de- 

with a heat pump must transfer less gas and under 6 creases rapidly from the beginning to the end of 
certain conditions may even be omitted. The work the scavenging period. The Intermediate pres- 
to be done by the auxiliary blower is transferred sure Pe (Fig. 7) at which the gas is trapped on the 
to the scavenging blower. compression side decreases and less gas Is com- 

The scavenging velocities at the lower and pressed. On the other hand the intermediate 

upper pressure stages do not need to be equal. 10 pressure Pa at which the gas is trapped on the 
Within certain limits it is quite safe when as a . expansion side increases and more gas expands, 
result of unequal velocities unequal pressure Fig. 8 shows the development of a cell rotor 

jumps occur. The scavenging velocities and thus which operates as a compressor during the scav- 

also the displaced volumes can be regulated by enging periods. Reference numerals 1-17 indi- 
altering the flow resistances In the scavenging 15 cate the same elements as in Fig. 3. It should 
circuits or by altering the pressures produced by be noticed that the channels in the casing pro- 
the scavenging fans. Generally It Is sufficient if vided with blades 18 have a variable direction in 
one fan is provided in one of the scavenging cir- accordance with the increasing scavenging ve- 
cuits, for instance in the scavenging circuit hav- locity. The cells showm In Fig. 8 may be varied 
Ing the higher resistance. 20 In width by varying the angle of inclination of 

When the gas to be expanded has a considerably the cell walls 4 . By means of a suitable choice of 
different density to that of the compressed gas (for cell height it is possible to obtain a constant or 
instance when the same gas Is expanded at a dif- only slightly variable cross-section of cell, such as 
ferent temperature) the scavenging velocities at is generally desired (compare Fig. 13). 
the beginning and end of the scavenging sec- 25 The pressure exchangers described so far, which 
tions must be selected differently in accordance can be termed single-stage pressure exchangers, 
with the ratio of the sound velocities because the operate each with two compression and expansion 
pressure jumps of the pressure waves depend on waves. The pressure jump obtainable per pres- 
the relationship between scavenging and sound sure wave cannot be increased indefinitely. Mg. 
velocity (Mach number) as shown in Fig. 4; and 30 9 shows the development of a two-stage cell rotor 
the total pressure jumps on the compression and which operates with four compression and expan- 
expanslon side must be equal. If for Instance air sion waves each. 

is compressed and expanded again at a consider- i is the development of the cell rotor with in- 

ably higher temperature, the scavenging velocities dined cells 4 , whilst 2 and 3 are the casing. Scav- 
must decrease during the lower scavenging period 35 enging at the lower pressure stage occurs from 
and increase during the upper scavenging period, space 5 to space 7. The first pressure wave is 
so that they are higher for the expansion wave produced at edge 8 which suddenly closes the 
than for the compression wave. cell. The second wave occurs at edge 20 where 

Under certain conditions it is possible that these the cell comes into communication with space 
alterations in scavenging velocities can be ob- 40 2 i in which a pressure prevails which is between 
tained without having to adopt special measures. the lower and upper pressure stage. This space 
This can be proved to be the t case when in the 21 can be supplied with gas through a conduit 

velocity diagram of the type shown in Fig. 6a the 22, this gas being taken from the cells in the ex- 

velocities c and w are equal. When namely a light pansion section. This additional gas can also 
gas displaces a heavy gas the kinetic energy of 45 be taken from another source. The wave reaches 

the cell contents decreases in proportion to the the end of the cell at point 23 where it encounters 

masses when the velocity remains constant. The a closed wall, is reflected and shoots through the 
energy which is released serves to accelerate the cell from the rear to the front as the third corn- 
scavenging stream. It is only necessary to con- pression wave. When the wave reaches the front 

struct the channels In the casing so that the CO end the cell it is closed by edge 34. During the 
transfer of gas from the cell rotor Is as free from total transition period of the wave along the 

losses as possible. If c and w differ (Fig. 6b), the path 20—23—24 gas flows from 21 into the cell, 
change in velocity must be assisted by external The fourth wave is initiated at edge 10 as with a 
means, scavenging resistance and scavenging single-stage rotor. 

pressure. The changes in scavenging velocities 55 The expansion occurs in a similar sequence, 
which for various reasons are necessarv or de- first expansion wave 14 — 15 at the end of the 

sirable overlap each other and can undtr certain scavenging, second expansion wave 25 26 when 

conditions mutually balance each other. one end of the cell is opened to intermediate 

The cell rotor described above with straight or space 27 which can be In communication with 

helical cells requires only a small driving power to 00 space 21, reflection of wave at the closed end of 
overcome friction losses if the gas enters the rotor the cell up to point 28 and return path 28 28 

parallel to the cell walls. When the gas is allowed as the third wave. Whilst the wave follows the 
to enter with a slight impact in the direction of path 25 — 28 — 21, gas Cows from the cell into 
rotation against the cell walls a special drive can space 27 and from there to apace Jl The fourth 
be dispensed with. The scavenging stream in the 05 expansion wave 18— H occur* upon the initiation 
cell rotor can be much more strongly diverted of the lower scavenging pro-cca*. 
than is necessary merely to drive the cell rotor. Compression wave* 14 -23 4nd the corre- 

When the momentum In the scavenging stream— s ponding expansion waves can be re- 

i. e., the product of the flow velocity and the mass peated a number of times, o 7 means mu.ti- 
in flow— increases in the direction of rotation, the 70 stage pressure exchanger* c * h be obtained. It 
cell rotor operates as a turbo-compressor and is also pcxssibje to have a .Single-stage compres- 
must be driven from the shaft. The cell rotor sion and a two-sUfe expansion, preferably when 
assists or replaces the scavenging blower and can the expansion gas ts hotter than the compression 
Under certain conditions also render the supple- gas. Separate pressure exchangers can also be 
mentary blower i (Fig. 2) superfluous. When the 70 connected in series. 
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In order to explain the application of the pres- 
sure exchanger more clearly a combustion turbine 
plant is illustrated diagrarnmatically in Fig. 10. 
1 — I is the developed periphery of the cell run- 
ner. Only a few of the cell walls 4 are shown in 
the drawings. Fresh air enters the rotor at 5, 
is compressed by two pressure waves and emerges 
at 13. Compressed air enters the three-stage heat 
exchanger 4i at 40 where it is further preheated 
and passes out again at 42, It is then heated 
further in a combustion chamber 43 where fuel 
is burn*. Part of the exhaust gases from the 
combustion chamber are extracted as useful air 
and can for instance be supplied to a turbine 44. 
The remainder of doe gases from the combustion 
chamber r eturn at H to the pressure exchanger 
where they are expanded and emerge at 7 in order 
to flow at 45 into heat exchanger 4(, where part 
of their residual heat is transferred to the com- 
pressed air, the gases escaping through the 
BO. 

The air entering at 5 displaces the exhaust 
gas emerging at 7. The line of contact or the 
two gases Is net sharply defined. Due to heat 
conduction, turbulence, formation of boundary 
layers at the walls and differences in the mass 
forces in the gases of different density, there is 
generally an undesirable mutual penetration of 
the gases. The zone where this intermingling 
occurs extends over a wedge-shaped space 4 6 be- 
tween the cold and warm streams 5 and 7. A 
similar zone 48 forms at the upper stage. Tills 
mutual penetration can be rendered to a great 
extent harmless when the mixing zones are scav- 
enged and care is taken that practically only cold 
air is locked in and only hot gases are locked out. 

Heat is transferred through the cell walls from 
the hot to the cold gas. The heating up of the 
cold gas and the cooling down of the hot gas 
during the short period which elapses from the 
time thc-gas flows into the cell until it is closed, 
is detrimental. The contents of the cell are rot 
uniformly heated during this period but only 
a layer in the vicinity of the cell wall. In many 
cases, especially when the cells are inclined, the 
centrifugal force on the boundary layer is greater 
than on the gas core. The boundary layer flows 
outwards along the walls. In the scavenging sec- 
tion where there is no difference in pressure be- 
tween adjoining cells, recesses and channels cen 
be provided in the casing which trap the outflow- 
ing boundary layer and conduct it away with 
mixed gas. 

Fig. 11 represents a section of a pressure ex- 
changer. The arrows 30 indicate ihe boundary 
layer flow r ; 3! is the channel in the casing which 
serves to trap the boundary layer which is whirled 
out. 

When, as In Fig, 10, there is a heat exchanger, 
it is an advantage if the scavenged mixed gases 
are separately trapped by channels 47 and 4 9 and 
either conducted to an intermediate stage or not 
at all to the heat exchanger. 

In the arrangement shown in Fig. 10 an air 
pipe 51 with a conrrol element 52 leads to turbine 
44. Since the walls of the cell rotor are alter- 
nately in contact with cold and hot gases it can 
often stand a higher temperature than the tur- 
bine 44 which is operated only by hot gas. As 
a result of this it is necessary to be able to regu- 
late both temperatures independently, this being 
possible by means of air pipe 51. Turbine 44 can 
be exclusively supplied wILli preheated air 
through pipe 51 if it is for instance desired to 
keep it free from ashes. The turbine generally 


operates with higher flow velocities than the cell 
rotor and is more liable to erosion. 

The rotor of the pressure exchanger can be 
built with cells which are open or closed at the 
5 periphery. Fig. 1 shows an embodiment with 
open cells and Fig. 12 one with closed cells. The 
cell walls are bent over at the ends and welded 
together. High cells can be subdivided by an 
intermediate wall 32 which* takes part of the 
10 centrifugal forces acting on the cell contents. 
The intermediate wall can also have a continua- 
tion in the casing whereby the flow’ can be 
adjusted to the various peripheral velocities of 
the inner and outer cell parts. The generatrix 
15 of the body of revolution formed by the cells can 
be axial, diagonal or radial. It can be straight 
or curved. Fig. 13 shows a pressure exchanger 
whose cross-section Is similar to that of a cen- 
trifugal blower. This shape can 1 * used to od- 
20 vantage when the cell rotor oper s as a turbo- 
compressor during the scavcngiu :eriod. 

From the description of the ration of the 
pressure exchanger it will be noted that it is 
important that the ends of the cells should be 
25 accurately opened at the right moment by the 
control edges. It is therefore an advantage to 
construct at least a number of the control edges 
so as to be adjustable. In Fig. 5 for instance, 
edges 8 and 12 can be displaced by means of 
30 levers 35 and 36. Their position can therefore be 
adjusted to suit any alterations in the velocity 
of sound due to a change in temperature. 

Although the time required by the control 
edges to open the ends of the cells is small, pres- 
35 sure waves with a flattened front will result. 
The first pressure impulse which occurs when the 
cell is opened wanders a certain distance along 
the cell until its entrance is entirely free and the 
gas can enter without hindrance. Care must 
40 be taken that this path relative to the length 
of the cell is not too long; this can be achieved 
by a suitable choice of cell division, peripheral 
velocity, and angle of inclination of the cells. 
On the other hand when fixing these values 
45 the flow losses and the heat transfer have to 
be taken into account. Finally there are cases 
where in order to suit various operating condi- 
tions variable angles of flow are necessary, these 
being obtained by means of rotatable running 
50 or guide blades, 

I claim: 

1. A pressure exchanger comprising a rotor 
carrying a plurality of cells extending there- 
through, a stator casing including inlet means 
55 adjacent one end of said cells for supplying a 
gas at one pressure stage to said cells and for 
supplying a gas at a high pressure to said Cells 
at a further point along the circumference of 
the rotor, outlet means adjacent the other end 
00 of said cells whereby said flrst gas is delivered 
from said cells at an increased pressure and said 
second gas is delivered from said cells at a 
decreased pressure, and control surfaces in oper- 
able relation to the ends of said rotor cells, said 
05 inlet and outlet means being spaced in said con- 
trol surfaces to open the inlet ends of the rotor 
cells to inflow of the first gas, while opening the 
outlet ends of the cells at a point preceding the 
. first opening of the 1. .let ends of the cells by 
70 approximately the time for a pressure wave to 
traverse the cells, thereafter to close the outlet 
ends of said cells at the point where the first gas 
has traversed the cells for a period of approxi- 
mately an even multiple of the time for a pressure 
76 wave to traverse the cells while closing the inlet 
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ends of the cells at n point trailing the first 
closure of the outlet ends of the cells by approxi- 
mate!}’ the time for a pressure wave to traverse 
the cells, thereafter to open the inlet ends of the 
cells to inflow of the second gas while opening 
the outlet ends of the cells at a point trailing the 
opening of the inlet ends of the cells by approxi- 
mately the time for a pressure wave to traverse 
the ceils, and to close the outlet ends of the cells 
at the point where the second gas has traversed 
the cells while closing the inlet ends of the cells 
at a point preceding the second closure of the 
outlet ends of the cells by approximately the time 
for a pressure wave to traverse the cells for a 
period approximately an even multiple of the 
time for a pressure wave to traverse the cells, 
and thereafter to again open the inlet ends of 
the cells to inflow of the first gas until the second 
gas is scavenged by the first gas, whereby at l>jast 
a substantial part of the compression of the first 
gas and the expansion of the second gas are 
effected by the generation of compression and 
expansion waves which traverse the cells through 
said rotor. 

2. A pressure exchanger comprising a rotor 
carrying a plurality of cells extending there- 
through, a stator casing including inlet means 
adjacent one end of said cells for supplying a 
gas at one pressure stage to said cells and for 
supplying a gas at a higher pressure to said cells 
at a further point along t^e circumference of 
the rotor, outlet means adjc sent the other end 
of said cells whereby said first gas is delivered 
from said cells at an increased pressure and said 
second gas is delivered from said cells at a 
decreased pressure, and control surfaces in oper- 
able relation to the ends of ;_dd rotor cells, said 
inlet and outlet means being spaced in said control 
surfaces to open the Inlet ends of the rotor cells 
to inflow of the first gas, while opening the out- 
let ends of the cells at a point preceding the first 
opening of the inlet ends of the cells by approxi- 
mately the time for a pressure wave to traverse 
the cells, thereafter to close the outlet ends of 
said cells at the point where the first gas has 
traversed the cells for a period at least twice the 
time for a pressure wave to traverse the cells 
while closing the inlet ends of the cells at a point 
trailing the first closure of the outlet ends of 
the cells by approximately the time for a pressure 
wave to traverse the cells, thereafter to open the 
inlet ends of the cells to inflow of the second gas 
while opening the outlet ends of the cells at a 
point trailing the opening of the inlet ends of the 
cehs by approximately the time for a pressure 
wave to traverse the cells, and to close the outlet 
ends of the cells at the point where the second 
gas has traversed the cells while closing the 
inlet ends of the cells at a point preceding the 
second closure of the outlet ends of the cells by 
approximately the time for a pressure wave to 
traverse the cell for s period at least twice the 
time for a pressure wave to traverse the cells, 
and thereafter to again open the inlet ends of the 
cells to inflow of the first gas until the second gas 
is scavenged by the first gas, whereby at least a 
substantial part of the compression of the first 
gas and the expansion of the second gas arc 
effected by the generation of compression and 
expansion waves which traverse said cells through 
said rotor. 

3. A pressure exchanger as defined in claim 2 
including control edges in said control surfaces 
adjacent the inlet and outlet openings in the 
casing and means for adjusting the position of 


the control edges in a circumferential direction. 

4. A pressure exchanger as defined in claim 2 
wherein the cells extend axially through the 
rotor. 

5 5. A pressure exchanger as defined in claim 2 

wherein the cells extend helically through the 
rotor whereby the velocities of the gases in the 
inlet and outlet means in the casing are reduced. 

6. A pressure exchanger as defined in claim 2 
10 wherein the incoming gas stream enters the cells 

with an impact in the direction of rotation of the 
rotor so as to propel the rotor. 

7. A pressure exchanger as defined in claim 2 
wherein the cell walls ?re bent in a direction to 

15 cause the incoming gas stream to propel the 
rotor. 

8. A pressure exchanger as defined in claim 2 
wherein the cell walls are bent to such an extent 
that the momentum of the incoming gas stream 

20 at the outlet of the cell in the direction of rotation 
. is greater than at the inlet so that the cell rotor 
operates as a power-absorbing turbo-blower in 
the scavenging section. 

9. A pressure exchanger as defined in claim 2 
>5 wherein the cell walls are bent to such an extent 

that the momentum of the incoming gas stream 
at the outlet of the cell in the direction of rota- 
tion is greater than at the inlet so that the cell 
rotor operates as a power-absorbing turbo-blower 
30 in the scavenging section generating more pres- 
sure than is necessary to overcome the resistances 
at constant speed. 

10. A pressure exchanger as defined in claim 2 
wherein the cell walls are bent to such an extent 

35 that the momentum of the incoming gas stream 
at the outlet of the cell in the direction of rota- 
tion is smaller than at the inlet so that the rotor 
operates as a power-supplying turbine in the 
scavenging section. 

40 11. A pressure exchanger comprising a rotor 

carrying a plurality of cells extending there- 
through, a stator casing including inlet means 
adjacent one end of said cells for supplying a 
gas at one pressure stage to said cells and for 
45 supplying a gas at a high pressure to said cells 
at a further point along the circumference of the 
rotor, outlet means adjacent the other end of 
said cells whereby said first gas is delivered from 
said cells at an increased pressure and said second 
50 eas is delivered from said cells at a decreased 
pressure, and control surfaces in operable rela- 
tion to the ends of said rotor cells, said inlet 
and outlet means being spaced in said control 
surfaces to open the inlet ends of the rotor cells 
55 to inflow of the first gas, while opening the out- 
let ends of the cells at a point preceding the first 
opening of the inlet ends of t^.e cells by approxi- 
mately the time for a pressure wave to traverse 
the cells, thereafter to close the outlet ends of 
eo sa id cells at the point where the first gas has 
traversed the cells for a period of approximately 
an even multiple of the time for a pressure 'wave 
to traverse the cells w r hile closing the inlet ends 
of the cells at a point trailing the first closure 
05 0i the outlet ends of the cells by approximately 
the time for a pressure wave to traverse the cells, 
thereafter to open the inlet ends of the cells to 
inflow of the Jcond gas while opening the outlet 
ends of the cells at a point trailing the opening 
70 of the inlet ends of the cell*: by approximately 
the time for a pressure wave to traverse the cells, 
and to close the outlet ends of the cells at the 
point where the second gas has traversed the 
cells while closing the inlet ends of the cells 
75 at a point preceding the second closure of the 
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outlet ends of the cells by approximately the 
time for a pressure wave to traverse the cells for 
a period approximately an even multiple of the 
time for a pressure wave to traverse the cells, 
and thereafter to again open the inlet ends of g 
the cells to inflow of the first gas until the second 
gas is scavenged by the first gas, whereby at least 
a substantial part of the compression of the first 
gas and the expansion of the second gas are 
effected by the generation of compression and i0 
expansion waves which traverse the cells 
through said rotor, said stator casing Including 
a passage having an inlet opening to the cells 
beginning at a point trailing the first closure of 
the outlet ends of the cells by approximately twice 
the time for a pressure wave to traverse the cells 
and extending for a period of approximately twice 
the time for a pressure wave to traverse the cells 
and having an outlet opening from the cells 
beginning at a point preceding the second closure ^ 
of the outlet ends of the cells by approximately 
twice the time for a pressure W'ave to traverse 
the cells and extending for a period of approxi- 
mately twice the time for a pressure wave to tra- 


394 

verse the cells whereby to bring about a second 
pair of pressure waves in the compression and 
expansion zones. 

12. A pressure exchanger as defined in claim 2 
wherein the scavenging section provided by the 
opening cf the inlet ends of the cells to inflow of 
the first gas is of such length that at least a 
portion of the mixed incoming and displaced 
gases Is scavenged. 

13. a pressure exchanger as defined in claim 2 
wherein channels are provided In the casing to 
trap the boundary layers of gas ccntiifugally 
projected by the cell walls. 

14. A pressure exchanger as defined in claim 2 
wherein the casing is provided with separate 
channels for scavenging at least a portion of Uu? 
mixed Incoming and displaced gases. 

15. A pressure exchanger as defined in claim 2 
including means for heating the higher pressure 
gas, a turbine for expanding a portion of the 
compressed gas, and conduit means for sepa- 
rately passing portions of the heated, compressed 
gas to the turbine and to the pressure exchanger. 
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l 

This invention relates to combus^jn gas tur- 
bine plants of the type in which the gas turbine 
drives a compressor for force air into a combus- 
tion chamber in which fuel is burned to develop 
the gaseous pressure medium that drives the 
turbine. This type of turbine plant was first 
proposed many years ago but the construction of 
operative turbine plants was delayed until recent 
years as the gas turbines and air compressors 
previously available were of such low efficiency ; 
that the power required for driving the air com- 
pressor exceeded the power output of the tur- 
bine. 

The efficiency of the air compression is of 
paramount importance as regards the practical 
results which can be obtained with a gas tur- 
bine. It is therefore an advantage to use turbo- 
compressors for this purpose, especially of the 
axial type, because these attain a very high 
efficiency. 

It is known to compress the air in a so-called 
cell-runner pressure exchanger which combines 
compression of the air with expansion of the 
combustion gases. The cells of the pressure ex- 
changer trap the air which is to be compressed 
from a space which is under a higher pressure 
and sluice out the working gas which is to be 
expanded into another space. 

The gas turbine installation according to the 
present invention consists of the combination of 
a turbo-machine with at least one cell-runner 
pressure exchanger for the upper stage. The 
advantage of this combination is that with the 
cell-runner pressure exchanger higher compres- 
sion pressures can be obtained in a more economi- 
cal manner than if the entire compression is 
accomplished solely by means of turbo-compres- 
sors. Cell-runner pressure exchangers have 
namely the advantage that compression and ex- 
pansion are effected in the same machine. 
Furthermore they are mechanically simpler than 
turbo-compressors, can be used for much higher 
temperatures than ordinary gas turbines and also 
enable relatively small volumes to be dealt with 
at a high efficiency thus making them very suit- 
able for a high-pressure stage. 

Constructional examples of the invention are 
illustrated diagTammatically in the accompany- 
ing drawing where: 

Fig. 1 shows a gas turbine installation in longi- 
tudinal section. 

Fig. 2 shows a cross-section of the pressure ex- 
changer of Fig. 1, 

Fig. 3 shows a modified form of the invention, 


(Cl. 60 — 41) 

2 

Fig. 4 shows a further modified form of the 
• installation shown in Fig. 3, 

Fig. 5 shows a cross-section on the line 5 — 8 
of Fig. 4 and 

5 Fig. 6 shows a gas turbine installation for use 
in a locomotive. 

In Fig, 1 which shows in diagrammatic form a 
gas turbine installation mostly in sectional view, 

I represents a pre-compressor constructed as a 
Lo multi-stage axial blower with the rotor 2; I are 
the first blade rows. Air enters at 4 and passes 
at the point 5 to the cell-runner pressure ex- 
changer 6, subsequently briefly referred to as 
the pressure exchanger. Fig. 2 shows a cross- 
15 sectional view of the pressure exchanger, which 
consists of the housing 1 and the cell-runner 8 
of known type with a plurality of helically ar- 
ranged blades. The runner can be rotated by 
the shaft 9 or kept in rotation by the air and 
20 gas flow. The air entering at S is trapped in the 
cells and conveyed to the opposite side of the 
housing, where it emerges at 10. 

Part of the compressed air flows through con- 
duit 1 1 to the turbine 20 where it is employed for 
25 doing useful work whilst the remaining part of 
the air is conveyed by the fan 12 to the combus- 
tion chamber 13 where it supplies the necessary 
oxygen in the form of combustion air for the 
fuel supplied at 14 and also an additional quantity 
30 that serves as cooling air flowing around the com- 
bustion chamber, finally mixing with the com- 
bustion gases at the end of the combustion cham- 
ber. This stream enters the pressure exchanger 
6 at 15 where it is pre-expanded, and then 
35 emerges from the pressure exchanger at 16 , be- 
ing finally expanded in the turbine 18, and sub- 
sequently escaping to the atmosphere at 19 or 
being employed further in a heat exchanger. 

The turbine 20 is of the multistage type and 
40 has an interstage section or bleeding point 21 
which is connected with the gas discharge con- 
duit (6 from the pressure exchanger 6 . For the 
purpose of a correct power distribution air can 
either flow from the turbine 20 to the compres- 
45 sor set or gas can pass in the opposite direction, 
as indicated by the double arrow in the figure. 

Fig. 3 illustrates a further application of the 
invention. The installation illustrated comprises 
again a turbo-compressor i\ a pressure exchanger 
60 6, a combustion chamber 13 and a turbine 18'. 
Instead of as in Fig. 1 extracting useful air at H, 
in this case combustion gas is by-passed at 28 
and supplied to a preliminary stage 22 of the tur- 
bine 18'. In the space 23 the gas which Is taken 
65 away at 28 mixes with the portion which flows 
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through the pressure exchanger and together The heat given off by the gases in the pressure 
with this latter performs-work in the lower stages. exchanger appears at first sight to be a disadvan- 

The useful work done by the plant is obtained tage because it reduces the working capacity of 

at the shaft 24, the turbine. The special properties of the pres- 

By extracting air at 25 the temperature of the 5 sure exchanger enable the temperature of gases 
gases tapped off at 28 can be reduced to a value entering the pressure exchanger, however, to be 
which is allowable for the turbine. The tem- increased to such an extent that despite the heat 
perature can be regulated by means of a valve 26. which is given to the air the gases passing to the 
The gases which flow in at 16 can be hotter than low-pressure stage still have the temperature re- 
those coming from the high pressure portion 22 10 quired for the turbine, so that there is actually 
so that the gases of the preliminary stage 22 are no disadvantage from this arrangement, 
subjected to an intermediate heating. The par- I claim: 

tial amount flowing through the high pressure 1. A combustion gas turbine plant of the type 
part of the turbine can he regulated by an ele- including a combustion chamber, a turbine oper- 
ment 2T which can be in the form of a throttle 15 ating on combustion gases developed in said 
valve, nozzle valve, rotatable guide blade and the chamber, means for supplying fuel to said com- 
like. The high pressure part of the turbine can bustion chamber, and multi-stage compressor 
consist of one or more stages. It can be located means for supplying compressed air to said com- 
in the main casing or in a separate casing. bustion chamber; characterized by the fact that 

With the arrangement illustrated in Fig. 4 the 20 & high pressure stage of said compressor means 
compressor I, pressure exchanger 6 and turbine and a preliminary expansion stage for combus- 
13 are arranged on the same shaft. Fig. 5 shows tion gases from said combustion chamber is con- 
a cross-section on the line 5 — 5 in Fig. 4. Air stituted by a single cell-runner pressure exchang- 
passes through the three conduits 5 from the pre- er comprising a relatively rotary cell-runner and 
compressor \ into the runner of the pressure ex- 25 housing therefor, said housing having a set of 
changer 6. In contrast to the arrangement pre- inlet and outlet openings for the air to be com- 
viously described each cell of the pressure ex- pressed and another set of inlet and outlet open- 
changer passes through the compression and ings for the combustion gases to be expanded, 
expansion cycle three times during a revolution. said cell-runner including a cylindrical assembly 
The air enters the combustion chamber 13 and 30 of longitudinally extending cells into which air 
the gases or part of the gases pass through the and combustion gases are alternately admitted 
three conduits 15 back to the pressure exchanger and discharged during relative rotation of said 
6. Dividing the circumference in the pressure cell-runner and said housing, passage means ex- 
exchanger into several working cycles has the tend from said air inlet and outlet openings to 
advantage that the radial forces acting on the 35 connect the pressure exchanger between a low 
runner are balanced. pressure stage of the compressor means and the 

Fig. 6 shows a power installation according to combustion chamber, passage means connects the 
the invention for a locomotive. The air is pre- combustion chamber to the combustion gas inlet 
compressed in the compressor I, cooled in an In- of the pressure exchanger, and passage means 
termediate cooler 30, further compressed in the 40 connects the combustion gas outlet of the pres- 
pressure exchanger 6 and heated in the exhaust sure exchanger to said turbine, 
gas preheater 3L Due to the high gas tempera- 2. A combustion gas turbine plant as recited 
tures which the pressure exchanger can stand in claim 1, wherein a low pressure stage of said 
the air can be further heated at 32 by the gases compressor means is a turbo-compressor, 
which leave the pressure exchanger. Part of the 3 . a combustion gas turbine plant as recited 
gases or the air is extracted at 28 or 25 and passed in claim I, wherein a conduit extends from the 

to the working cylinder 33 of the locomotive. air outlet of said pressure exchanger to a load 

The invention can of course also be realized device, 
in practice in a variety of other ways. In add!- 4 . a combustion gas turbine plant as recited 

tion to the advantages already mentioned, the in claim 1, wherein a low pressure stage of said 
following are also obtained. compressor means is driven by said turbine. 

The characteristic feature of the pressure ex- 5 , a combustion gas turbine plant as recited 
changer is that comparatively cold air and hot in claim 1, wherein a conduit extends from said 
gas are respectively compressed and expanded in ^ combustion chamber to by-pass pressure fluid 
the same runner. The runner thus attains a tem- around said pressure exchanger to a point of use. 
perature which is the mean of the temperatures 6. In a combustion gas turbine plant, a com- 
of the two media. This enables the pressure ex- bustion chamber, means for supplying fuel to said 
changer to be capable of working with very hot chamber, a multistage air compressor means for 
gases. An intermediate heating of the gases at ^ supplying compressed air to said combustion 
the entrance to the low-pressure stage can thus chamber, a turbine having an inlet connected to 
be avoided. said combustion chamber, a second turbine of 

A further feature of the pressure exchanger is multistage type having an inlet connected to the 
that a certain amount of heat Is transmitted from outlet of said multistage air compressor means, 
the hot gases to the colder air, whilst this heat and a bleeder connection from an intermediate 
flow is prevented when compressing and expand- stage of said second turbine to the inlet of the 
ing in separate machines, as is the case in the first turbine. 

low-pressure stage. 7. In a combustion gas turbine plant as recited 

Heating the air at the low-pressure stage is. in claim 6, wherein a high pressure stage of said 
however, much more detrimental than at the ^ air compressor means comprises a cell-runner 
high-pressure stage, because it either increases . pressure exchanger and passage means connect- 
the work involved by the subsequent compres- ing the same between the combustion chamber 
sion or necessitates the removal of this heat in and the first turbine. 

an intermediate cooler. The heat received at the 8. In a combustion gas turbine plant, a com- 
high-pressure stage on the other hand remains bustion chamber, means for supplying fuel to said 
in the circuit combustion chamber, compressor means for sup- 
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plying air to said combustion chamber, and a gas 
turbine connected to and driving at least one 
stage of said compressor means; a high pressure 
stage of said compressor means being constituted 
by a cell-runner pressure exchanger comprising 6 
a relatively rotary cell-runner and housing there- 
for, said housing having a set of inlet and outlet 
openings for the air to be compressed and an- 
other set of inlet and outlet openings for the 
combustion gases to be expanded, said cell-run- 
ner including a cylindrical assembly of longi- 
tudinally extending cells into which air and com- 
bustion gases are alternately admitted and dis- 
charged during relative rotation of said cell run- 
ner and said housing, passage means extend from 
said air inlet and outlet openings to connect the 
pressure exchanger between a low pressure stage 
of the compressor means and the combustion 
chamber, passage means connects the combus- 
tion chamber to the combustion gas inlet of the 
pressure exchanger, and passage means connects 
the combustion gas outlet of the pressure ex- 
changer to said turbine. 

9. In a combustion gas turbine plant, a com- 
bustion chamber, means for supplying fuel to said 
combustion chamber, compressor means includ- 
ing a low pressure turbo-compressor stage and 
a high pressure ceh-runner pressure exchanger 
stage, multistage turbine means, conduit means 
for delivering combustion gases to an intermedi- 
ate stage of said turbine means through said 
pressure exchanger, and conduit means connect- 
ing said combustion chamber to a low pressure 
stage of said turbine means to supply pressure 
gas thereto in by-pass relation to said pressure 
exchanger. 

10. In a combustion gas turbine, the invention 
as recited in claim 9 wherein said second conduit 
means includes a valved connection to the com- 
pressed air inlet end of said combustion chamber. 
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11. I i combustion gas turbine, the invention 
as recL in claim 9 wherein said second conduit 
means deludes a valved connection to the com- 
bustion gas outlet end of said combustion cham- 
ber. 

12. In a combustion gas turbine, the invention 
as recited in claim 9 wherein said second con- 
duit means includes valved connections to the 
compressed air inlet end and to the combustion 
gas outlet end of said combustion chamber. 

13. A combustion gas turbine plant comprising 
a multistage air compressor and a turbine on a 

1 common shaft, a combustion chamber, means for 
supplying fuel to said combustion chamber, con- 
i duit means connecting the high pressure stage 
of said air compressor to said combustion cham- 
ber, and conduit means connecting said combus- 
tion chamber to the turbine to supply combustion 
gas thereto; the high pressure stage of said air 
) compressor being a cell-runner pressure ex- 
changer connected by said conduit means be- 
tween said combustion chamber and respectively 
said turbine and a low pressure stage of said air 
compressor, 
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This invention relates to pressure exchange ap- In the drawing, the reference numeral i raen- 
paratus of the type in which streams of gas un- tifies the casing or outer pc theral wall of a 
der different pressures flow in alternation cylindrical array of cells forr- by longitudinal 
through the cells of a cylindrical assembly of partition walls 2 which extent adially from the 
cells or passages, the high pressure stream being 5 outer wall l to an inner cylindrical wall 3 . The 
brought to a lower pressure while the low pres- casing I is located between and axially alined 
sure stream is brought to a higher pressure. with the cylindrical inlet and discharge casings 

Pressure exchange apparatus of this type is 4 , 5 , respectively, these casings having coaxial 
well known and comprises an assembly of cells cylindrical conduits 6, 7, respectively secured 
rotating between fixed end walls having inlet 10 therein by a plurality of radial webs 8. The low 
.and outlet openings for controlling the flow of the pressure gas stream in the inlet conduit 4 is in- 
respective gas streams through the cells in sue- dicated by the arrows L, and the high pressure 
cession. The known rotary pressure exchangers gas stream in the coaxial inlet conduit 6 is in- 

have various advantages over other apparatus, dicated by the arrow H. The low pressure gas is 

for example a turbo-compressor, which mould 15 compressed within the cells and discharged as a 
be employed to effect a pressure exchange be- stream of annular cross-section within conduit 

tween two gas streams but have not attained:the 5, as is indicated by the arrows L', and the ex- 
efficiency which might be expected from an an- panded stream of high pressure gas flows off 

.alysis of the operating conditions. ‘ through conduit 7, as indicated by the arrows H\ 

It has been proposed to take advantage of the 20 The flow of gas through the cells is controlled 
compression and expansion waves which are set by rotating distributors keyed to a shaft 9 which 
up in the several cells in succession by so locating is located at the axis of the casing ! and jour- 

the openings in the stationary end walls that nailed in bearings 10 mounted in the end walls 

each end of a cell is closed substantially at the or flanges II which extend inwardly radially 
instant of the arrival at that cell end of a com- 25 from, the peripheral wall 3 of the cell assembly, 
pression or an expansion wave. The resulting The inlet distributor comprises a disk 12 provided 
increase in efficiency was substantial but was still with a pair of diametrically located openings 13 
much less than had been anticipated. I have for admitting lower pressure gas to the cells and 

identified one factor which lowers the predicted a second pair of diametrically located openings 14 

efficiency of a rotary pressure exchanger as the 30 for admitting high pressure gas to the cells, the 
centrifugal force which disturbs the travel of openings 1 4 being the outlet ends of a bifurcated 

pressure and expansion waves along the cells, conduit 15 having a cylindrical inlet end rotatable 

thereby leading to losses. • in the outlet end of the high pressure supply con- 

Objects of the present invention are to provide duit 6. The exhaust distributor is of similar con- 
pressure- exchange apparatus of the -cellular type 35 struction and comprises a disk 17 with a pair of 
which substantially eliminate losses from centrif- outlet openings 18 for the compressed gas and 
ugal force, and which thereby operate with in- a pair of outlet openings 19 for the expanded gas, 
creased efficiency. An object is to provide pressure the openings (9 being the inlet ends of a bifur- 

exchange apparatus in which the cellular assembly cated conduit 20 which terminates in a cylindri- 

•is stationary and the flow of gases therethrough 40 cal section rotatable in the inlet end of the con- 
is controlled by rotating end walls or distributors. .duit 7. 

More specifically, objects are to provide pressure The distributor disks 12, 17 are secured to the 

exchangers of the type stated which include a c- shaft 9 which is rotated by a motor 2f through 

stationary and cylindrical array of cells, and gearing 22. The high pressure gas streams enter 

apertured end walls or distributors which are 45 the cells with a radial component when, as shown 
rotated by a motor or by the flowing streams of in Figs. 1 and 2, the side walls of the bifurcated 

gas. passages of the distributors are parallel to the' 

These and other objects and the advantages of - axis of the cell assembly. This rotary component 
the invention will be apparent from the following may be eliminated by imparting a helical shape 
specification when taken with the accompanying 50 to the bifurcated passages or, alternatively, the 
drawing in which: motor may be omitted when the bifurcated pas- 

Fig. 1 is. a central longitudinal section. through sages are of helical shape to develop a rotative 
a pressure exchanger embodying the invention; ‘ force froth, the flowing stream of high pressure 
Fig. 2 is a perspective view of the same, with gas. A distributor of this type, as illustrated in 
parts of the casings broken away to show the 55 Fig. 3, comprises a disk 12' and bifurcated con- 
cell assembly and the distributors; and duit 1 5'. of helical form. 

Fig. 3 is a fragmentary perspective view of a The same cycle of operations takes place in the 
modified form of rotary distributor. several cells in sequence, and there are two com- 
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plete cycles for each rotation of the Illustrated 
distributors which are provided with two sets of 
openings for each gas stream. Two or more sets 
of openings are desirable for pressure and mass 
equalization but it is possible to operate with only * 
one set of openings. Assuming that the cycle 
starts with low pressure gas entering the cell 
through an opening 13 of the inlet distributor 
12, and the other end of the cell open to the ex- 
panded gas conduit 7 through an outlet opening 1 
19 of distributor disk 17 and the conduit 20, the 
low pressure gas forces the contents of the cell 
(consisting of an expanded body of the high pres- 
sure gas) out at the rear of the cell. The dis- 
charge end of the cell is closed by the distributor 1 
disk 1 7 when the discharge of the expanded gas is 
completed, thereby setting up a compression wave 
which moves forwardly in the cell and brings the 
contents of the cell to rest. The rotating dis- 
tributor disk 12 closes the inlet end of the cell 2 
upon the arrival of the compression wave at the 
inlet end, thus trapping gas within the cell under ’■ 
higher pressure than that of the entering stream 
of low pressure gas. Further rotation of the dis- 
tributors brings an inlet I 4 into line with the cell, 2 
and high pressure gas flows into the cell. This 
sets up a compression wave which travels towards 1 
the discharge end of the cell and sets the body of 
gas in motion. An outlet opening 18 moves into 
alinement with the cell as the compression wave j 
reaches its discharge end, and the gas to be ex- 
panded pushes the compressed gas in front of it 
and into the compressed gas conduit 5. The in- 
let end of the cell is closed by distributor disk 
12 when the scavenging of the compressed gas 35 
from the cell is completed, thus setting up a de- 
compression wave which travels forwardly : 
through the cell to bring the contents to rest. 
Upon the arrival of the decompression wave at 
the discharge end of the cell, the distributor disk 40 
1 7 closes the cell which now contains an. ex- 
panded body of originally high pressure gas. An - 
outlet opening 1 9 then moves into alinement with 
the cell, and the expanded gas is discharged 
through conduit 20 into conduit 7, thus setting 45 
up a decompression wave which travels towards 
the inlet end of the cell. The cycle is completed 
upon the arrival of this wave at the inlet end of 
the cell, and an outlet opening 13 of distributor 
disk 12 moves into line with the cell to initiate 50 
another working cycle. 

Pressure exchangers constructed in accordance 
with the invention operate with high efficiency as 
the centrifugal forces set up in the rotary dis- 
tributors have little or no influence upon the 55 
travel of the compression and expansion waves 
along the cells. 

The apparatus as illustrated and described is 
the presently preferred form of the invention but 
it is to be understood that various changes may 60 
be made in the mechanical constructions and ar- 
rangements of the parts without departure from 
the spirit of my invention as set forth in the fol- 
lowing claims. 

I claim: 65 

1. Pressure exchange apparatus comprising a 
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tion of the respective ends of the cells in succes- 
sion to said conduits to generate compression and 
expansion waves in the cells when connected to 
the low pressure and high pressure conduits re- 
\ spectively, and means supporting said cell assem- 
bly and said distributors for relative rotation 
about said axis; characterized by the fact that 
said high pressure conduit is within and coaxial 
with said low pressure conduit, and said expanded 
0 high pressure gas conduit is within and coaxial 
with said compressed low pressure gas conduit. 

2. Pressure exchange apparatus as recited in 
claim 1, wherein said cell assembly is stationary 
and said distributors are supported for rotation. 

5 3. Pressure exchange apparatus as recited in 

claim 1, wherein said cell assembly is stationary 
and said distributors are supported for rotation, 
said distributors including helically arranged gas 
passages for connecting the ends of said cells to 
0 said high pressure gas conduit and said expanded 
high pressure gas conduit respectively. 

4. Pressure exchange apparatus as recited in 
claim 1, wherein said cell assembly is stationary 
and said distributors are supported for rotation, 

:5 said distributors including helically arranged gas 
passages for developing rotative forces from the 
gas stream flowing through the same, 

5. Pressure exchange apparatus as recited in 
claim 1, wherein said cell assembly is stationary 
and said distributors are supported for rotation, 
in combination with motor means for rotating 
said distributors, said distributors including heli- 
cally arranged gas passages for eliminating ra- 
dial components from the gas streams delivered 
to said cells. 

6. A pressure exchanger comprising a cylindri- 
cal assembly of cells extending longitudinally of 
and about an axis, a pair of inlet and of discharge 
conduits for two streams of gas under different 
pressures, said inlet and said discharge conduits 
being respectively at opposite sides of said assembly 
of cells and the conduits of each pair being coaxial, 
and means comprising rotary distributors for con- 
trolling the connection of each cell in succession 
to the several conduits, each distributor having 
a plurality of openings for connecting each cell 
a plurality of times to each of said conduits in 
alternation for each rotation of the distributors. 

7. A pressure exchanger as recited in claim 6, 
wherein the higher pressure conduit is within the 
lower pressure conduit at the entrance side of 
said cylindrical assembly of longitudinally ex- 
tending cells. 

8. A pressure exchanger as recited in claim 7, 
wherein the discharge conduit for the expanded 
gas of initially higher pressure is located axially 
within the discharge conduit for the compressed 
gas of initially lower pressure. 
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The invention described herein may be manufactured 15 
and used by or for the United States Government for 
governmental purposes without payment to me of any 
royalty thereon. 

The present invention relates to an improved pressure 
exchanger characterized by an arrangement for produc- 20 
ing both dynamic pressure exchange and gradual static 
pressure exchange. 

The primary object of the invention is to provide a 
pressure exchanger of general utility in power cycles 
and gas turbine power plants capable of accomplishing 25 
a more efficient production of power by virtue of higher 
pressure ratios and greater operating flexibility. 

A further object of the invention is to provide an 
improved pressure exchanger including at least one multi- 
cell rotor within a casing, low pressure and high pressure 30 
gas inlets on one side of the casing, low pressure and 
high pressure gas outlets on the other side of the casing 
to accomplish a dynamic pressure exchange in cells 
moving past said inlets and outlets, and conduit means 
making connection between separate cells intermediate 
between inlets and outlets to accomplish a gradual static 
pressure exchange between cells carrying gas at a higher 
pressure and cells carrying gas at a lower pressure. 

Another object of the invention is to provide an im- 
proved pressure exchanger including at least one multi- 
cell rotor within a casing, low pressure and high pres- 
sure gas inlets on one side of the casing, low pressure and 
high pressure gas outlets on the other side of the casing 
with similar pressure passages substantially opposite to 
each other, and means to produce a gradual static pressure 45 
increase in cells moving from the low pressure gas inlet 
and outlet toward the high pressure gas inlet and outlet. 

Another object of the invention is to provide an im- 
proved pressure exchanger including at least one multi- 
cell rotor within a casing, means to rotate the rotor, 50 
low pressure and high pressure gas inlets on one side of 
the casing, low pressure and high pressure gas outlets on 
the ether side of the casing with similar pressure passages 
substantially opposite to each other, and conduit means 
extending between cells moving from the high pressure 55 
inlet and outlet toward the low pressure inlet and outlet 
and ether cells moving from the low pressure inlet and 
outlet toward the high pressure inlet and outlet to effect 
a gradual static pressure exchange between cells carry- 
ing gas at a higher pressure and cells carrying gas at a 60 
lower pressure. 

Another object of the invention is to provide an im- 
proved pressure exchanger having mere thau one multi- 
cell rotor with the rotors so correlated and interconnected 
by gas passages as to permit both a dynamic pressure 65 
exchange and a gradual static pressure exchange. 

Another object of the invention is to provide a two- 
rotor pressure exchanger including means to rotate the 
rotors in opposite directions, low pressure and high pres- 
sure gas inlets at one side of each rotor, low pressure and 
high pressure gas outlets at the other side of each rotor 
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with similar pressure passages substantially opposite to 
each other, and conduit means extending between cells 
of one rotor moving from the high pressure inlet and 
outlet toward the low pressure inlet and outlet and cells 
5 of the other rotor moving from the low pressure inlet 
and outlet toward the high pressure inlet and outlet to 
effect a gradual static pressure exchange between cells 
carrying gas at a higher pressure and cells carrying gas 
at a lower pressure. 

The above and other objects of the invention will be- 
come apparent upon reading the following detailed de- 
scription in conjunction with the accompanying draw- 
ings, in which: 

Fig. 1 is a diagrammatic view of a power plant in- 
cluding a pressure exchanger to show one possible ap- 
plication of the invention. 

Fig. 2 is a schematic cross sectional view of a simple 
form of pressure exchanger. 

Fig. 3 is a diagrammatic developed plan view of the 
pressure exchanger of Fig. 2, which embodies only a dy- 
namic pressure exchange. 

Fig. 4 is a cross sectional view of one form of the 
invention for accomplishing both a dynamic pressure 
exchange and a gradual static pressure exchange. 

Fig. 5 illustrates a modified construction for use in 
the apparatus of Fig. 4. 

Fig. 6 is a transverse cross section taken on line 6 — 6 
of Fig. 4. 

Fig. 7 is a diagrammatic developed plan view to show 
the pressure exchange functions of the apparatus of 
Fig. 4. 

Fig. 8 is a cross sectional view of a two-rotor pres- 
sure exchanger similar to that of Fig. 4 but with one 
rotor inside the other. 

Fig. 9 is a diagrammatic developed plan view to show 
the pressure exchange functions of the apparatus of 
Fig. 8. 

Fig. 10 is a fragmentary cross sectional view of a 
modified construction for use in the apparatus of Fig. 8. 

Fig. 11 is an end view of a single rotor pressure ex- 
changer capable of accomplishing both dynamic and 
gradual static pressure exchange. 

Fig. 12 is a view of the other end of the single rotor 
pressure exchanger of Fig. 1 1, wherein a portion of the 
casing is cut away to show part of the rotor therein. 

The pressure exchanger is a well-known type of power 
plant auxiliary and is especially adapted for use in power 
plants employing gas turbines as prime movers. By the 
addition of a pressure exchanger unit to such a power 
plant the overall efficiency can. be Increased very sub- 
stantially. One prior disclosure of the pressure ex- 
changer may be found in U. S. Patent No. 2,399,394 
granted to Claude Seippel on April 30, 1946, and a later 
disclosure of a special power plant making use of a 
pressure exchanger may be found in U. S. Patent No. 
2,461,186 granted to Claude Seippel on February 8, 
1949. The possibilities for combining the pressure ex- 
changer with various power plant units are many and 
varied, but by way of example one power plant or sys- 
tem is shown in Fig. 1 of the drawings. The main units 
as indicated therein are the air compressor, the fuel 
tank, the fuel pump, the combustion chamber, the pres- 
sure exchanger, the primary turbine, the secondary tur- 
bine and the power load which is a generator or dynamo 
in the example shown. The pressure exchanger is merely 
represented by a compressor II driven by a turbine 12 
for the reason that if two such units were used in the 
system they would provide the closest known equivalent 
of a pressure exchanger. Thus the connected compressor 
^ and turbine 11 and 12 have been accepted as a functional 
representation of a pressure exchanger. This functional 
analogy is also carried through the theory and terminology 
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of pressure 'exchangers, especially by reference to the 
compressor cycle and the turbine cycle of the pressure 
exchanger. Starting with the air compressor receiving 
atmospheric air at 14.7 pounds per square inch, the in- 
coming air enters at 1 and leaves at 2 having been boosted 

10 a pressure of 50 pounds for example. The compressed 
air now enters the low pressure side of the compressor 
cycle (Lc) of the pressure exchanger. The high pres- 
sure side of the compressor cycle (He) connects at 3 
with the combustion chamber, while the latter receives 
a steady supply of fuel by a conduit 4 from a fuel tank 
and fuel pump. The pressure boost through the com- 
pression cycle of the pressure exchanger may for example 
bring the air entering the combustion chamber up to 
about 150 pounds. The heated air leaving the com- 
bustion chamber has greatly expanded in volume over 
the volume of high pressure air which entered the com- 
bustion chamber and this heated air leaving at 5 sup- 
plies the secondary turbine by way of conduit 6 and 
also the high pressure side of the turbine cycle (Ht) of 
the pressure exchanger. The pressure of the air and 
combustion products reaching both of these units may 
be around 150 pounds for example. The exhaust from 
the secondary turbine flows in the conduit 7 and is com- 
bined with the outlet flow from the low pressure side 
of the turbine cycle (Li) of the pressure exchanger, both 
at a pressure of 50 pounds for example. This combined 
gas flow now reaches the inlet of the primary turbine 
by way of the conduit 8. The exhaust from the pri- 
mary turbine flows by way of a conduit 9 to any suitable 
unit or apparatus capable of utilizing the heat remaining 
in the exhaust gases. This exhaust pressure would of course 
be close to atmospheric pressure, that is, J4.7 pounds. As 
indicated at 10 a shaft connects the air compressor, pri- 
mary turbine, secondary turbine, and the power load. 
Other arrangements may be effected if desired, for in- 
stance the secondary turbine may be used to drive the 
air compressor and some additional lead, while the 
primary turbine may be used to drive the principal power 
load thus permitting different shaft speeds for the two 
turbines and the units driven thereby. This may be 
advantageous in securing closer speed regulation for the 
principal power load. As will appear in the subsequent 
description of the pressure exchanger, there is some power 
required to rotate the pressure exchanger but this is 
taken care of by a small electric motor or ether auxiliary 
unit. It might be noted that the principal reason for 
the success of die pressure exchanger is that it does pro- 
vide the equivalent of a coupled compressor and turbine 
but does so with less complicated machinery, at less cost 
and with less space requirement. Aiso the maintenance 
problems are far less significant with the pressure ex- 
changer. 

The symbolic representation of the pressure exchanger 
Fig. 1 may be noted now in particular. The compressor 

11 and coupled turbine 12 are shown as though they are 
driven by a motor 33, but it is understood that the 
compressor and turbine are merely shown because of 
their theoretical equivalency to a pressure exchanger. 
It should be remembered that the cold gases flowing 
through the compressor cycle from Lc to He are being 
compressed, while the hot gases flowing through the 
turbine cycle from Ht to Lt are being expanded. Thus 
tile turbine cycle may also be termed the expansion cycle. 
One characteristic of the pressure exchanger is that the 
gas volumes of the compressor cycle and the turbine 
cycle must be equal, because they are handled in the 
same rotor cells making- up the pressure exchanger rotor 
or rotors. This fact explains why it is necessary to 
provide a bypass flow around the turbine or expansion 
cycle, as at 6 in the power plant of Fig. I. A simple 
form of pressure exchanger is shown in longitudinal 
cross section in Fig. 2, wherein there is a cylindrical 
housing 14 having a rotor 15 mounted to spin therein 
on the shaft 16 connected to the driving motor 17. On 
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the outer periphery of the rotor 15 there are numerous 
axially disposed cells 15' open at both ends so as to 
connect in successive manner to the conduits Lc, Lt, Ht 
and H c . The air in conduit L c and also that filling about 
5 one-half of one cell 15' represents air to be compressed, 
while the air in conduit H c and also filling about one- 
half of another cell 15' represents air which has been 
compressed. Similarly the air or combustion products 
in conduit He represents gas to be expanded, while the 
10 gas in conduit Lt represents gas which has been ex- 
pended. 

Briefly the process accomplished in the pressure ex- 
changer of Fig. 2 takes advantage of dynamic exchange 
by means of shock waves, whereby air trapped suddenly 
15 m a cell is compressed by a. ram effect induced by the 
flow of low pressure air and other gas is later compressed 
by the action of a second shock wave set up in connect- 
in ; a cell with a source of high pressure gas. This al- 
t nate trapping and compressing of air takes place in the 
20 ;qy and upper cells or channels 15' respectively, in 
apparatus shown in Fig. 2. The low pressure air 
flows in a selected cell at Lc, while the same air after 
compression flows out of the cell at H c . The first com- 
pression is accomplished by suddenly stopping the air 
25 moving along the conduit Lc, since the cell receiving a 
charge of air immediately moves to a position where 
there is no outlet connected thereto. The second com- 
pressive shock wave set up by suddenly connecting the 
ceil to the conduit Ht not only causes additional com- 
30 pression of the air previously trapped in the cell but 
also forces the high pressure gas into the conduit He. 
This may be considered an expansion wave, the action 
of which is duplicated when the cel! again becomes con- 
nected to the conduit Lt. Hoc as the air flows into the 
3*5 cell from the conduit Lc the gas which was trapped in 
the ceil when it was connected to the conduit Ht will 
flow out by expansion into the conduit Lt. ft must be 
noted too that the rotor 15 is turning on its axis at a 
rapid rate of speed, so that the successive steps of the 
40 process as applied to a selected rotor cell occur with 
very little time lag. While the rotative speed may vary 
within reasonable limits even for the same unit, a round 
figure for the linear speed of the cells may be stated by 
way of example as 400 feet per second. The difference 
45 in temperature of the incoming air or gas at conduits Lc 
and Ht causes the cel! structure to reach only a mean 
temperature, since the air or gas is in the cells for only 
a brief interval of lime. Furthermore the whole rotor 
structure becomes uniformly heated soon after opera- 
’ r>0 (ion begins and there will he no appreciable heating 
and cooling of the cell walls at various points on the 
cycle of operation. For a more detailed description of 
the operation of the basic dynamic pressure exchanger, 
reference may be had to the Scippc! Patent No. 2,399,394 
55 cited above. 

For a description of the preferred embodiment of the 
present pressure exchanger which provides for both static 
and dynamic pressure exchange, reference is now made 
to Fig. 4 wherein there is illustrated a two-rotor pre.s- 
G0 sure exchanger with counter-rotating rotors 20 and 21 
of identical size and construction. The rotor 20 is di- 
rectly connected to a motor 22 and the rotor 21 is di- 
rectly connected to a motor 23. The motors are of the 
synchronous type and are supplied from the same scurcc 
33 of alternating current so as to run at exactly the same 
speed but in opposite directions of rotation. As an al- 
ternative arrangement a motor may be directly con- 
nected to one rotor only and the other rotor may be 
driven in unison with the first rotor by the use of a set 
70 of bevel gears as indicated at 24 in Fig. 5. Thus this 
alternative construction will positively maintain the same 
rotor speed for the counter-rotating rotors and may even 
be employed where separate motors arc provided, as in 
' -Fig. 4, to ensure perfect synchronization of the rotors. 
70 Each of the rotors 20 and 21 carry individual cells or 



channels arranged around the periphery thereof, as shown 
best in Fig. 6. It is understood that these cells are open 
at each end to permit gas flow therethrough when the 
cells coincide with the inlet and outlet conduits. The 
rotor 20 is surrounded by a cylindrical casing member 
26, while the rotor 21 is surrounded by a similar casing 
member 27. The remote ends of these members 26 and 
27 are closed by end plates 28 and 29 respectively. The 
adjacent ends of the casing members arc closed by addi- 
tional end plates 30 and 31 which are provided with 
central bearing bosses 30' and 31' secured together as 
shown. Between the end plates 30 and 31 are a pair of 
opposite gas inlet conduits 32 and 33. These conduits 
are provided with side openings coinciding with other 
openings in the casing end plates and these openings 
are of such size and shape as to open into more than 
one rotor cell at a time, as will be explained with ref- 
erence to Fig. 7. Fixed to the casing end plates 28 and 
29 are pairs of gas outlet conduits 34, 34' and 35, 35'. 
Between the adjacent casing end plates 30 and 31 there 
are static pressure exchange conduits or passages, which 
merely extend between the adjacent ends of the rotor 
cells. While these passages do not show in Fig. 4 they 
are shown in Fig. 7, wherein the rotor cells and vari- 
ous conduits are shown in a developed diagrammatic 
plan view. 

Before considering Fig. 7 of the operation of the basic 
dynamic pressure exchanger of Fig. 2 will be explained 
by reference to Fig. 3, which shows in developed plan 
the cells of rotor 15 and the various conduits Lc, Lt, Ht 
and H c . There is a duplication of conduits L c and Lt 
so that the operation may be explained with reference 
to more than one complete revolution of the rotor. The 
cells are of course assumed to be moving in the direction 
of the arrow A. The letter L indicates low pressure, 
H indicates high pressure and the subscripts c and t 
indicate the compressor cycle and the turbine cycle re- 
spectively. The low pressure air flowing in at Lc is 
at a lower temperature than the high pressure gas flow- 
ing in at Ht, since by reference to the power plant 
diagram (Fig. 1) it may be observed that the low pres- 
sure air supply is merely derived from the air compres- 
sor while the high pressure gas supply is derived from 
the combustion chamber. The low pressure gas or air 
which is to be compressed further flows into the pressure 
exchanger at Lc displacing the expanded hot gases which 
are simultaneously flowing out of the pressure exchanger 
at Lt. This is termed the low pressure scavenging phase 
and the direction and magnitude of the scavenging veloc- 
ity in the inlet conduit Lc is so selected that the net 
velocity component relative to the rapidly moving cells 
is approximaely parallel to the cell walls. Thus in a 
cell arrangement as shown in Fig. 3 the resultant net 
velocity of the scavenging flow will also be parallel to 
the rotor axis, but it is understood that in some designs 
the cell walls would necessarily vary from the true axial 
alignment as illustrated. If the design is properly worked 
out the scavenging flow will not impinge on the cell 
walls but will travel through the cells in a direction 
parallel to the cell walls, that is the direction of flow 
will not be changed by the rotor. Thus the zone of con- 
tact between the scavenging air flowing in at Ln and the 
expanded hot gasses flowing out at Lt travels through 
the rotor with unchanged direction as long as all con- 
ditions of operation are at a steady state. This zone 
will be marked by the line 2 — 3 of Fig. 3 and will not 
vary in position to an appreciable extent during the opera- 
tion of the pressure exchanger. As each cell passes 
the point 3 the velocity of the air is suddenly brought 
to zero and the shock effect produces a compression 
wave traveling back along the line 3—4. As this shock 
wave reaches the point 4 the cell is closed and the result 
is that air is trapped in the cell at increased pressure and 
is carried on as the cell moves toward the point 6. 

Now considering the high pressure scavenging phase 


which commences when the cells reach point 6, it will 
be seen that high pressure gas flowing in conduit Ht 
will generate a compression wave to further compress 
the air which was trapped in the cells. At the same time 
5 the air will be caused to move across the cell with a 
scavenging velocity which will be in the general range of 
the velocity of the gas flowing in conduit Ht. The 
zone of contact between the trapped air and the in- 
coming high pressure gas will extend along the line 6 — 7 
10 but the compression wave takes a path along the line 6 — 5. 
The air ahead of the compression wave is further com- 
pressed and behind the wave there is a velocity of gas 
flow which determines the velocity of flow into the outlet 
conduit He. As the cell reaches the point 8 the flow 
15 from the conduit Ht into the cell is stopped but the 
zone of contact is still moving across the cell. Thus a 
first rarefaction wave originates at point 8 producing 
an expansion of air accordingly. This expansion wave 
flowing in the direction of line 8 — 7 intersects the zone 
20 of contact 6 — 7 at the cut-off point 7, with the result 
that the cell v/ill move on containing gas at an inter- 
mediate pressure and temperature. As the cell reaches 
point 1 the gas starts to flow out into conduit Lt where 
the pressure is relatively low. Thus a second expansion 
25 wave starts to propagate in the cell and produces a flow 
of gas at a velocity dependent on the pressure difference 
behind and ahead of the expansion wave. This ex- 
pansion wave flows in the direction 1 — 2 and as the 
wave reaches the point 2 the cell is opened to the con- 
30 duit Lc, permitting fresh air to flow into the cell for 
the low pressure scavenging phase first described. 

The fundamental or basic dynamic pressure exchanger 
as described with relation to Figs. 2 and 3 operates by 
means of two compression waves and two expansion 
35 waves. The optimum pressure ratios are obtained by 
careful selection of scavenging velocities for the low 
pressure and high pressure scavenging phases and by 
carefully determining the geometrical correlation be- 
tween the points 1 to 8 in Fig. 3. Fans in the conduits 
40 are also used in most installations to influence the scaveng- 
ing velocities. 

The present invention seeks to improve the action of the 
basic dynamic pressure exchanger by the use of a com- 
bined static and dynamic pressure exchange and by so 
45 combining these two effects a machine results which will 
have improved characteristics impossible of attainment 
by applying either of these principles alone. The pres- 
sure exchanger so constructed will achieve a higher 
pressure ratio and will maintain high efficiency over a 
50 wider range of variables, such as temperature and pres- 
sure conditions in the inlet and outlet conduits and rates 
of gas flow. 

In Fig. 7 there is shown a development of the periphery 
or preipheral portions of a dual rotor pressure exchanger, 
55 the structure of which is shown in cross section in Fig. 4. 
The two rotors 20 and 21 rotate in opposite directions 
as indicated by the arrows A and A'. The outlet con- 
duits Lt, H c and Lt', H c ' correspond with the conduits 
34, 34' and 35, 35' of Fig. 4. The inlet passages Lc 
60 and Ht between the rotors correspond with conduits 32 
and 33 of Fig. 4, while the static pressure passages not 
seen in Fig. 4 are indicated at 36 in Fig. 7. It is of 
course understood that the outlet conduits Lt and Lt' 
will be connected to a common header, as will also the 
65 outlet conduits H c and He'. In some power plants 
the outlet conduits may be connected separately to units 
of their own. For instance in a power plant built ac- 
cording to the principles of Fig. 1 the conduits H c and He' 
may extend directly to separate combustion chambers 
70 and the conduits Lt and Lt' may extend to separate gas 
turbines. 

To explain the operation of the dual rotor machine with 
combined static and dynamic pressure exchange only 
a single cell of rotor 20 and a single cell of rotor 21 
75 will be considered and the cell action will be traced 
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always in the direction of its peripheral movement (arrow 
A and arrow, 'A'). Starting at left-hand end of rotor 
20 the cell is filled with hot gas at a moderate pressure and 
on reaching conduit Lt flows out under the influence of 
an expansion wave which is set up by the pressure dif- 
ference between the air pressure in the cell and in the 
conduit Lt. As the expansion wave is under way the' 
cell reaches the conduit Lc and the air therefrom flows 
into the cell to start the low pressure scavenging phase. 
The zone of contact between the low pressure scaveng- 
ing air and the outflowing warm air will be marked by 
the line 2 — 3. As the cell reaches the cut-off point 3 
the low pressure compression wave is started due to 
the sudden closing of the cell. This will cause a com- 
pression of the air in the cell, the compression wave 
traveling in the direction 3-— 4 and reaching the end 
of the cell coincident with the cut-off point 4. Now air 
at a moderate pressure is trapped in the cell and carried 
on at the peripheral speed of the rotor. Now as the 
cell reaches the first static pressure passage or distribut- 
ing passage 36 past the point 4 it is momentarily con- 
nected to a supply of high temperature air or gas at a 
higher pressure than the air in the cell, the supply being 
obtained from cells of the other rotor 21. Thus a small 
amount of hot gas from rotor 21 is delivered to the cell 
of rotor 20 further compressing the air therein. Thus 
compression continues in increments as other passages 
36 are reached, and a gradual static pressure exchange 
is effected to build up the air pressure in the selected cell 
of rotor 20 before reaching the inlet conduit Ht, where 
the second compression wave and the high pressure scav- 
enging phase originate. 

As the selected cell of rotor 20 reaches the point 6 it is 
connected with the inlet conduit Ht filled with high tem- 
perature gas at high pressure. This gas starts a compres- 
sion shock wave in the direction 6 — 5, with the zone 
of contact between the high pressure gas and lower pres- 
sure gas extending along the line 9 — 7. This compression 
wave completes the high pressure scavenging phase and 
by its compressive force brings the cell contents to the 
final high pressure. This compressed air flows cut through 
the conduit He as the cell becomes substantially full of 
hot gases flowing in at Ht. This gas being at a relatively 
high pressure, it now flows through the successive passages 
36 toward the cells of rotor 21 after the celt passes the cut- 
ofl point 7 and this action continues until the cell reaches 
the point 1 where the gas begins the expansion into con- 
duit Lt. 

Considering now the rotor 2i it will be seen that a 
selected cell beginning at the right-hand side of Fig. 7 
is going through the low pressure scavenging phase fol- 
lowing expansion of the gas into conduit Lt'. Ihe com- 
pression wave induced by moving the cell past the cut-off 
point 3' compresses the fresh air flowing in from inlet con- 
duit Lc and this air or gas at increased pressure is trapped 
in the cell as the cell passes the cut-off or trapping point 
4'. The cell is now filled with air at a moderate pres- 
sure and soon reaches the first static exchange passage 36 
to the left of point 4'. The high temperature, high pres- 
sure gas from cells of rotor 20 now located between 
points l and 7 effect a gradual static pressure boost by 
their flow through the passages 36 in the direction of the 
arrows and as a result the pressure in ihe selected cell 
of rotor 21 builds up as it progresses from point 4’ to 
point 6'. As the cell reaches the point 6 f the contents 
thereof become subject to the full pressure in the con- 
duit Ht and a compression wave moves in the direction 
of line 6' — 5', to further boost the pressure of the cell 
contents, which now flow out through conduit He'. The 
high temperature, high pressure air trapped in the cell as 
it passes point 7' will now be capable of effecting a static 
pressure boost in cells of rotor 20 by reason of the pres- 
sure distribution passages 36. At the same time there is 
little loss cf pressure in the cell before it reaches the 
outlet conduit Lt' where the gas can expand and flow 


8 

into the conduit Ltk After and during expansion the 
low pressure scavenging phase takes place under the action 
of the fresh air flowing in at Lc. 

In a pressure exchanger operating in the manner above 
5 outlined it will be possible to achieve greater pressure 
ratios and a more efficient power plant can thus be built, 
and such a plant will be less affected by load variations 
and other transient changes. As should be clear from the 
description of the pressure interchange through the dis- 
10 tributing passages 36, each rotor acts cn the other in a 
unique and highly satisfactory manner. As the high 
pressure compressive waves begin in the cells of rotors 
20 and 21 at the points 6 and 6', the cell pressure is al- 
ready built up by static pressure exchange and the pressure 
15 in the conduits He and He' will be higher than would be 
the case otherwise. 

As indicated above the fr al rotor pressure exchanger 
may be used in a power y at as shown in Fig. 1 or in 
any similar power cycle. will be appreciated, the in- 
20 creased pressure boost fre Lc to He will give a better 
output from the combustion chamber thus furnishing more 
power at the secondary turbine and greater pressure at the 
pressure exchanger inlet conduit Ht. Thus the power 
plant efficiency will increase very decidedly and the pres- 
25 sure exchanger itself will be less sensitive to variable fac- 
tors. This flexibility should be especially advantageous 
in locomotive power plants where there may be variations 
in load, barometric pressure and air temperature. The 
same would apply also in ship, aircraft and stationary 
30 power plants. The increasing use of gas turbine power 
plants make it desirable to improve any adjuncts or aux- 
iliaries used in association therewith. 

The dual rotor pressure exchanger with combined static 
and dynamic pressure exchange may take other forms 
35 than that described above. For example one rotor may 
run inside the other as illustrated in Fig. 8. Considering 
the structure of Fig. 8 in detail it will be noted that the 
inner rotor ‘40 is carried on a central shaft 40' while the 
outer rotor' 41 is mounted to turn on an axial extension 
40 42 of the inner rotor 40. The shaft 40' is rotatably 
mounted in a bearing 43 at one end and is connected to 
a motor 44 at the other end. The inner rotor 40 includes 
an axial extension 42' which is non-rotatably secured to 
shaft 40' by means of a crosspin ' 43'. Surrounding the 
45 two rotors is drum-like casing or housing 45 having a 
cylindrical inner wall 46 extending between the outer 
periphery of the rotor 49 and the inner periphery of the 
rotor 4 L This wall 46 is provided with static pressure 
exchange openings 47, corresponding in function with the 
50 passages 36 of Fig. 7. These exchange ports or openings 
47 may extend over the whole periphery of the ’machine 
or may cover only certain portions or segments of the 
periphery as will be better described below in connection 
with Fig. 9. The inner rotor 40 runs at the same speed 
55 as the motor 44 and in the same direction, while the outer 
rotor 41 is made to operate at the same speed as the motor 
but in the opposite direction. This is accomplished by 
the use of a bevel gear 48 on the rotor extension 42 which 
drives the intermediate bevel gears 49. The gears 49 
60 in turn mesh with a bevel gear 50 fixed to the axial ex- 
tension 51 of the rotor 41. The opposite bevel gears' 49 
are provided with stub shafts mounted to turn freely in 
the fixed bearing 49'. 

Connected at the left-hand side of casing 45 are the'gas 
65 inlet conduits 52 and 53 and at the right-hand side of the 
casing are gas outlet conduits 54 and 55. These conduits 
correspond to those designated Ht, Lc, Hc’and Lt respec- 
tively in Fig. 7. The inner rotor 40 carries ceil partitions 
on its outer periphery like the rotor illustrated in Fig. 6. 
70 The rotor 41 is built similar but is hollow to receive 
the counter-rotating rotor 40. The radially extending wall 
of the rotor 41 is provided with successive openings 56 
all the way around its periphery to allow passage of gas 
from the cells of rotor 40 out through the conduits 54 
and 55. Also the axially extending wall of the rotor 41 



2 , 738,123 


123 


9 10 . 

is provided with successive openings 57 which allow the a gradual static pressure exchange, in order to increase 
static pressure exchange through the openings 47 described the efficiency of the machine over that cf previously 
above. known pressure exchangers. 

The operation of the pressure exchanger made accord- The main purpose of the present invention is to ob- 

ing to Fig. 8 is similar to that of Fig. 4 except for the 5 tain static and dynamic pressure exchange. While the 
static pressure exchange which follows a short and direct preferred form of the invention employs two rotors op- 
route through ports 47 and 57. Fig. 9 shows a functional erating in opposite directions of rotation, it is possible 
diagram similar to Fig. 7 so that the operation may be to achieve the desired results by the use of a single ro- 
visualized by showing a development plan of the two tor. Such a single rotor pressure exchanger is shown 
rotors, one above the other. As indicated by the arrows 10 in Figs. 11 and 12. The general arrangement of the 
B and B' the two rotors rotate in opposite directions. ro t or and housing is like the basic pressure exchanger of 
The compression and expansion wave flow is exactly the Figs. 2 and 3. Figs. 11 and 12 show the improved sin- 
same as in Fig. 7, except that the gradual static pressure gj e rotor pressure exchanger as seen from opposite ends, 
exchange instead of being obtained by a flow through the Jhe cylindrical casing wall thus be closed at its ends 
conduits or passages 36 in Fig. 7 is now' accomplished by 15 by circular end plates 63 and 69, and the end plates will 
a radial flow through the ports 47 and 57 in the dividing eac h be provided with rotor shaft bearings 70. The ro- 

wall 46 and in the cylindrical wall portion of rotor 41, tor 71 mounted within the casing or housing is pro- 

respectivcly. The ports 57 may extend clear around the v ; ded w i tb peripheral cells 72 formed by providing radial 
rotor wall with just enough wall material between each partitions 73 on the outer rim of the rotor. The end 
port to hold the structure rigidly together, but the ports 47 20 p j ate 68 is provided with gas inlet conduit 74 corre- 
in the dividing wall may have an extent as indicated in sponding to conduit Ht of Figs. 2 and 3, and also with 

Fig. 9. Instead of each port 47 being continuous ever a gas j n [ et conduit 75 corresponding to conduit Lc of 

substantial section of the periphery, as indicated in Fig. 9, pigs. 2 and 3. Between these gas inlets there are ar- 

these ports may be divided up into a group cf separate ranged static pressure exchange conduits 76, 77, 78, 79 

passages similar to the spaced passages 36 of Fig. 7. As 25 and through which static pressure exchange occurs 
will be observed, the development plan view of Fig. 9 j n directio^n of the arrows adjacent to the conduits, 
covers more than one complete revolution of the rotors ^he odlec end p | a ( e 69 is provided with gas outlet con- 

just as in Fig. 7. As will be appreciated by comparing du [ t 84 corresponding to conduit He of Figs. 2 and 3, 

Figs. 7 and 9, the static pressure exchange is always from and a j so gas outlet conduit 85 corresponding to 

a group of cells at high pressure, or in compression, to 30 con( ] u j t p t of Figs. 2 and 3. The direction of rotation 

a group of cells at low pressure, or in expansion. This of thg rotor ?1 s b ou ld be in the direction of counter- 
will mean that flow through one port 47 will be in a clockwise arrow A in Fig. 12. However the side of 

direction opposite to flow through the adjacent port 47. the rotor f ac j ng outW ard in Fig. 11 will be turning in 

The result is the partial compression areas bounded on a c [ oc k w j se direction. Looking at Fig. 11 the cells 72 
one side by the lines 4, 9 and 2\ 9'. Thus in Fig. 9 flow 35 be mov j ng f rom the conduit Ht toward conduit Lc 
through the left-hand port 47 will be from the lower rotor as they pass the inlet ends 0 f sta tic pressure exchange 

moving in direction B' to the upper rotor moving in direc- conduits 76 to 80 inclusive. The pressure exchange ob- 

tion B. Flow through the right-hand port 47 will be from tained will correspond to that depicted in Fig. 7, since 

the upper rotor moving in direction B to the lower rotor referring to the latter view it will be seen that the rotor 

moving in direction B'. While there will only be two 40 ce!ls wb j cb are moving from inlet conduit Ht toward in- 
ports 47 in the apparatus of Fig. 8 and Fig. 9, they are let conduit are connected to the inlet end of conduits 

shown superimposed on both rotors in the diagrammatic 36 wbde {he celis w bich are moving from inlet con- 

plan in order to show the relative position with respect to du j t Lc lo tbe i n j e t conduit Ht are connected to the outlet 

each rotor and with respect to the gas inlet and outlet end COndu ^s 36. In the same way in Fig. 11 the cells 

passages. The arrangement of rotors as shown in Fig. 8 72 moving f rom conduit Ht toward L c are connected 

offers the advantage of providing the shortest possible j n j et end $ 0 f static pressure exchange conduits 

static pressure exchange conduits and thus minimizes pres- 76 while the out iet ends of the exchange conduits 

sure and heat loss, as well as affording a more compact at the left of Fig% n will be connected to other cells of 
machine. ^ . the same rotor moving from conduit Lc toward conduit 

In Fig, 10 there is illustrated a portion of a two-rotor jjt. Thus the analogy between the two-rotor exchanger 

pressure exchanger similar in principle to that of Fig. and the single rotor exchanger is perfectly clear, ah 

8. The section shown is between the gas inlet passages though the relatively long static pressure exchange con- 

52 and 53 and shows an alternative arrangement of the duits 76 to 80 present one disadvantage in the single ro~ 

static pressure exchange passages. The rotor casing is tor macbine> For smaller power plants however the 

made up of end walls 60 and 61 and outer cylindrical single rotor exchanger will have a distinct advantage 

wall 62. Mounted to rotate therein are th^ rotors 63 over the two-rotor exchanger, 

and 64 having the usual cells on their outer periphery. a s now understood the previously known pressure ex- 

The axially extending wall 65 of the rotor 64 is not changer operate either on the principle of a simple static 

ported as in Fig. 8, but instead the end wail 69 is pro- pressure exchange or a gradual static pressure exchange 

vided with channel 66 to form a pressure exchange pas- or a dynam i c pressure exchange. The present inve.n- 

sage 67 corresponding in relative peripheral position and tion combines a gradual static pressure exchange with a 

operating effect to the port 47 of Fig. 8. This arrange- dynamic pressure exchange, thus producing results which 

ment provides for purely axial flow of the exchange can not be obtained by the use of either effect alone, 

pressure and avoids cross currents which will tend to jh e simple static pressure exchanger has the disadvan- 

mix two worldng gases at different temperatures. For tags tba t- d)e sca yenging velocities must be kept low in 

this reason the modified arrangement of static pressure order t0 avoid excessive losses. The capacity of these 

exchange ports may prove more practical than the con- machines is therefore limited by the low velocity s. The 

struction shown in Fig. 8. dynamic pressure exchanger on the other hand can in 

As will be understood from the foregoing description principle apply much higher scavenging velocities but 

the two rotors can be arranged in several ways and may 7Q has other disadvantages. Tire basic dynamic pressure 
even be completely independent as far as their hous- exchanger as shown in Figs. 2 and 3 operates by means 

ings and bearing supports are concerned. However in of two compression and two expansion waves. The re- 

all cases the inlet and outlet conduits must be arranged lations between the scavenging velocities and the pres- 
to achieve dynamic pressure exchange and the static sure ratios for each of these waves may be determined 

pressure exchange passages must be provided to achieve 75 by an equation for dynamic relation of the gas flow. 
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The four -resulting gas-dynamic conditions work togeth- 
er in the operation of the machine and must be satisfied 
in addition to static pressure and energy conditions. 
This means that there are limiting conditions influenc- 
ing design and operation, which conditions determine 
the feasible pressure ratios, the efficiency and also the 
machine capacity. 

The present invention avoids the disadvantages of the 
previously known pressure exchangers to a large extent. 
By a combined static pressure and dynamic pressure ex- 
change the total pressure ratio can be made within cer- 
tain limits independent of the scavenging velocities. 
The total achievable pressure ratio of the new machine 
using the present principles of invention is composed of 
a static and a dynamic component: 

R total — P/i/ P 1 — RstfitlcX^dynarnic 

The dynamic component in this equation depends of 
course on the scavenging velocities but the relations con- 
cerned are simpler and clearer because the four condi- 
tions in the exchanger corresponding to the four waves 
are now more or less isolated. The static pressure com- 
ponent Rstatic is nearly independent of the scavenging 
velocities and depends mainly on the ratio of the weight 
flow through the turbine and compressor cycles and on 
the temperature conditions. The static pressure ratio 
can be made even smaller than unit, which means that 
in the middle stages of static pressure exchange the pres- 
sure of the fresh air is actually higher than that of the 
hot combustion gases. With such a condition the equal- 
izing flow in the exchange conduits would have there- 
fore the opposite direction than that shown in the draw- 
ings and these conduits would be filled with fresh air 

instead of hot combustion gases. This shows the ex- 

treme flexibility of operation of the present apparatus 
when conditions are changing. However it should be 
understood that under average working conditions the 
static pressure ratio will be greater than unity and the 

static pressure exchange flow will be in the directions 

specifically marked on the drawings or explained above. 

The embodiments of the invention herein shown and 
described are to be regarded as illustrative only and it 
is to be understood that the invention is susceptible of 
variations, modifications and changes within the scope 
of the appended claims. 

I claim: 

1. A pressure exchanger comprising two multi-cell ro- 
tors each of which carries a plurality of similar cells on 
its periphery extending from one side to the other of the 
rotor whh each cell being separated from adjacent cells 
by radially extending walls, means to enclose said rotors, 
means to rotate said rotors on their central axes in reverse 
relation, means providing a first gas inlet channel at cne 
side of said rotors for supplying gas at low pressure to the 
rotor cells, means providing a second gas inlet channel 
at said one side of said rotors and circumferentially spaced 
from said first gas inlet channel for supplying gas at a 
high rate pressure to the rotor cells, means providing a 
first and a second gas outlet channel at the ether side of 
said rotors for delivering from said cells the low pressure 
gas having its pressure increased to the value of the high 
pressure gas and for delivering from said cells the high 
pressure gas having its pressure reduced to the inlet pres- 
sure of the low pressure gas, said inlet and outlet channels 
being positioned circumferentially so that the low pressure- 
outlet is reached by the rotor cells before the low pres- 
sure inlet and the low pressure outlet is passed by the rotor 
cells before the low pressure inlet and wherein the time 
intervals involved are determined by the time required for 
an expansion wave and a compression wave respectively to 
traverse said cells, and so that the high pressure inlet is 
reached by the rotor cells before the high pressure outlet 
and the high pressure inlet is passed by the rotor cells 
before the high pressure outlet and wherein the time 
intervals involved are deterhiined'by the time required for 
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a compression wave and an expansion wave respectively 
to traverse said cells, and means providing static pressure 
exchange passages between the cells of the respective ro- 
tors to connect cells of one rotor moving from high pres- 
sure inlet closing toward low pressure inlet opening with 
cells of the other rotor moving from low pressure inlet 
closing toward high pressure inlet opening and which also 
connect cells of said one rotor moving from low pressure 
outlet closing toward high pressure outlet opening with 
cells of the other rotor moving from high pressure inlet 
dosing toward low pressure inlet opening, the ends cf said 
static pressure exchange passages connecting with said 
cells at the axial ends thereof and having a radial extent 
at the ends equal to the radial extent of said cells, whereby 
the pressure in connected cells is gradually equalized and 
some expanding gas is delivered from cells at high pres- 
sure to cells at low pressure. 

2 . A pressure exchanger comprising two mulli-cd o- 
tors each of which carries a plurality of similar ce’. )n 
its periphery extending froin one side to the other c, he 
rotor, means to enclose said rotors, means mounting said 
rotors for rotation on their central axes in adjacent coaxial 
relation, means to rotate said rotors in reverse relation, 
means providing a first gas inlet channel at the adjacent 
sides of said rotors for supplying gas at low pressure to 
the rotor cells, means providing a second gas inlet channel 
at the adjacent sides of said rotors and circumferentially 
spaced from said first gas inlet channel for supplying gas 
at a high pressure to the rotor cells, means providing a 
first and a second gas outlet channel at the remote sides 
of said rotors for delivering from said cells the low pres- 
sure gas having its pressure increased to the value of the 
high pressure gas and for delivering from said cells the 
high pressure gas having its pressure reduced to the inlet 
pressure of the low pressure gas, said inlet and outlet 
channels being positioned circumferentially so that the 
low pressure outlet is reached by the rotor cells before the 
low pressure inlet and the low pressure outlet is passed by 
the rotor cells before the low pressure inlet and wherein 
the time intervals involved are determined by the time re- 
quired for an expansion wave and a compression wave 
respectively to traverse said cells, and so that the high 
pressure inlet is reached by the rotor cells before the high 
pressure outlet and the high pressure inlet is passed by 
the rotor cells before the high pressure outlet and wherein 
the time intervals involved are determined by the time 
required for a compression wave and an expansion wave 
respectively to traverse said cells, and means providing 
static pressure exchange passages between the adjacent 
sides of the rotors to connect cells of one rotor moving 
from high pressure inlet closing toward low pressure inlet 
opening with cells of the other rotor moving from low 
pressure inlet closing toward high pressure inlet opening 
and which also connect cells of said one rotor moving 
from low pressure outlet closing toward high pressure 
outlet opening with cells of the other rotor moving from 
high pressure inlet closing toward low pressure inlet open- 
ing. whereby the pressure in connected cells is gradually 
equalized and some expanding gas is delivered from cells 
at high pressure to cells at low pressure. 

3. A pressure exchanger comprising two multi-cell ro- 
tors each of which carries a plurality of similar cells on 
its periphery extending from one side to the other of the 
rotor, one of said rotors being made hollow to receive 
the other and smaller rotor in enclosing relation therein, 
means providing a housing around said rotors, means 
mounting said rotors for independent rotation on their 
central axes, means to rotate said rotors in reverse rela- 
tion, means providing a first gas inlet channel at the cor- 
responding sides of said rotors for supplying gas at low 
pressure to the rotor cells, means providing a second gas 
inlet channel at said corresponding sides of said rotors 
and circumferentially spaced from said first gas inlet chan- 
nel for supplying, gas at a high pressure to the rotor cells, 
means providing a first and a second gas outlet channel 
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at the other corresponding sides of said rotors for deliver- 
ing from said cells the low pressure gas having its pres- 
sure increased o the value of the high pressure gas and 
for delivering cm said cells the high pressure gas having 
its pressure r ced to the inlet pressure of the low pres- 5 

sure gas, sail det and outlet channels being positioned 

circumferentially so that the low pressure outlet is reached 
by the rotor cells before the low pressure inlet and the 
low pressure outlet is passed by the rotor cells before the 
low pressure inlet and wherein the time intervals involved 
are determined by the time required for an expansion wave 
and a compression wave respectively to traverse said cells, 
and so that the high pressure inlet is reached by the rotor 
cells before the high pressure outlet and the high pressure 
inlet is passed by the rotor cells before the high pressure 
outlet and wherein the time intervals involved are de- 
termined by the time required for a compression wave 
and an expansion wave respectively to traverse said cells, 
and means providing static pressure exchange passages be- 
tween said corresponding sides of said rotors to connect 20 
cells of one rotor moving from high pressure inlet closing 
toward low pressure inlet opening with cells of the other 
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rotor moving from low pressure inlet closing toward high 
pressure inlet opening and which also connect cells of said 
one rotor moving from low pressure outlet, closing toward 
high pressure outlet opening with cells of the other rotor 
moving from high pressure inlet dosing toward low pres- 
sure inlet opening, whereby the pressure in connected cells 
is gradually equalized and some expanding gas is delivered 
from cells at high pressure to cells at low pressure. 

4. A pressure exchanger as defined in claim 3 wherein 
10 said means to rotate said rotors in reverse relation com- 
prises an axial extension on each rotor with cne extension 
extending inside the other, a bevel gear wheel on the outer 
end of each extension with the beveled sides of the re- 
spective wheels facing each other, bevel gears between 
15 said wheels and in constant mesh therewith, and a motor 
directly connected to one of said extensions. 
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This invention relates to the propulsion of vehicles, by 15 
which is herein meant more particularly aircraft (includ- 
ing aerial missiles), but also such marine craft and land 
vehicles as are amenable to jet propulsion, either as a 
main or an auxiliary source of power. 

The invention deals mainly with the application to re- 20 
action propulsion cf the devices known as pressures ex- 
changers by which term is to be understood rotary ma- 
chines (being heat engines working with gaseous fluid), 
which comprise at least one rotor embodying cells ar- 
ranged as a circular series (or the alternative mentioned 25 
in die next following paragraph), the working cycle of 
which machiues involves the compression of gas in some 
cells of the series and the simultaneous expansion of gas 
in other cells of the series, the compression and expansion 
stages thus formed being associated with heat input and 30 
heat rejection stages (at high or low pressure) involving 
the flow of gas into, and/or out of, the cells. 

The above definition of pressure exchangers will be 
assumed to include the possible case in which a circular 
series of cells is accommodated in con-rotary structure 35 
and co-operates with rotary structure embodying ducts 
for die gas flow associated with the heat input and rejec- 
tion stages. 

The present invention provides apparatus for vehicle 
propulsion comprising a pressure exchanger, constructed 40 
to function by taking in air and delivering a supply of 
high pressure hot gas, and which is scavenged at least at 
the heat rejection stage, nozzle means for the expansion 
of a gaseous stream to form a propulsive jet, and ducting 
for supplying, from the pressure exchanger to the nozzle 
means, gas which is at a suitable temperature and pres- 45 
sure to provide by expansion through the nozzle means, 
useful propulsive thrust which either constitutes, or 
assists, the main means of propelling the vehicle. 

If the main output of the apparatus is in the form of 
thrust supplied by the nozzle means, then the latter may 60 
be supplied with gas rejected by the pressure exchanger 
during the heat input stage, and possibly, to provide fur- 
ther thrust. Gas removed during the low pressure 
scavenging associated with heat rejection, may also be 
expanded through nozzle means to provide additional 65 
thrust. If the main output is in the form of mechanical 
work provided by a heat engine (e, g. a turbine) in which 
is expanded the gas rejected by the pressure exchanger 
at beat input, then nozzle means (which in this case fur- 
nishes auxiliary propulsive effort only) may be supplied 
only with gas removed from the pressure exchanger dur- 
ing the low pressure scavenging stage. Thus the said 
heat engine (c. g. turbine) may drive a normal airscrew, 
which is merely assisted by thrust from the nozzle means. 

Preferably, in either case, the pressure exchanger is also 
scavenged at the heat input stage. 

To augment the thrust in either case, each cell about to 
undergo the low pressure scavenging associated with heat 
rejection may be placed into communication, before be- ^ 
ing scavenged, with expansion nozzle means so that the 
gas in such cell is allowed to expand before reaching the 
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low pressure scavenging zone, thereby furnishing pro- 
pulsive thrust. 

Pressure exchangers in which all or part of the pressure 
rise and fall occurring in the machine is effected by waves 
of compression and expansion may usefully be used in the 
present invention. 

The so-called “exchange of pressure” between gas 
which is expanding and gas which is being compressed 
(e. g. between expansion cells which are in communica- 
tion by “transfer gas” apertures with compression cells), 
which gives rise to the name of the machine under dis- 
cussion, will, generally speaking, result at most in the 
equalization of the pressure difference between the com- 
municating zones. It may be possible however, by ap- 
propriate designing, to further continue the exchanging 
process beyond the equalization point i. e. until the pres- 
sure of the gas which has been compressed has risen above 
that of the gas which has expanded. 

The present invention lies in the adaptation of pressure 
exchangers to a new use, rather than in the details of the 
machines themselves, of which any type may be used 
which lends itself to the purpose herein under discussion. 
Thus, for example, machines using a single rotor, or more 
than one rotor, may be used. 

The manner in which the invention may be carried out 
will now be described with reference to the examples 
shown in the accompanying drawings in which: 

Figure 1 is a longitudinal section through the engine 
nacelle of aircraft. 

Figure 2 is a section on the line II — li of Figure 1. 
Figure 2A is a part sectional elevation showing some 
of the ducting leaving the pressure exchanger. 

Figure 3 is a similar section on the line UI — 111 on 
Figure 1. 

Figure 4 is a schematic view showing diagrammatieaJly 
the location of the transfer gas pipes as seen from the 
left of Figure 1. 

Figure 5 is a side elevation with the nacelle structure 
removed of aircraft propulsion apparatus of which the 
major part of the propulsive output is delivered to an 
airscrew. 

Figure 6 is a plan view of Figure 5. 

The aircraft propulsion apparatus shown in Figure 1 
to 4 comprises a nacelle 1 within which is located the 
propulsion apparatus proper. This comprises a single 
rotor pressure exchanger 2 functioning as a source of 
high pressure hot gas for expansion, and in which the 
heat input is supplied by the burning of fuel in a com- 
bustion chamber 11. The pressure exchanger is 
scavenged at both the heat input and the heat rejection 
stages. The rear of the nacelle is provided with concen- 
tric nozzles 3 and 4 together forming a nozzle arrange- 
ment, while the forward end comprises an air intake duct 
5 which is formed as a diffuser so that the pressure of 
the incoming air is raised at the expense of the velocity. 

An intermediate duct 6 so constructed that it is of 
constant cross-sectional area connects the intake 5 with 
the low pressure scavenging zone of the pressure ex- 
changer, while the low pressure gas exhausted from that 
zone is conducted by way of duct 9 to the nozzle 3 in 
which it is expanded to provide propulsive thrust which 
assists that of the nozzle 4 as mentioned below. 

The high pressure hot gas exhausted from the pressure 
exchanger during the heat input stage emerges into the 
duct 8 which divides into two portions, of which a branch 
7 conducts gas to the nozzle 4 for expansion to provide 
the main propulsive thrust, while a branch 10 conducts 
gas to the combustion chamber 11. The heat energized 
gas leaving the combustion chamber is returned by way of 
t duct 12 to the input side of the high pressure scavenging 
zone. Fans 13 and 14 driven respectively by motors 15, 
16 are provided for the scavenging gas flow, but it may 
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only be necessary for these fans to be used for auxiliary 
purposes, e. g. at starting. 

Numeral 17 represents the group of transfer gas pipes 
which connect expansion stage cells of the pressure ex- 
changer with cells in the compression stage. The direc- 
tion of movement of the cell rotor is indicated by the 
arrow R in Figure 2. In order further to augment the 
propulsive thrust, the pressure exchanger is provided with 
apertures 18 (Figures 2 and 2A) which by way of ducts 
18A place cells approaching the low pressure scavenging 
zone 9A into communication with the expansion nozzle 
3, so that each cell before reaching the said low pressure 
zone is enable to expand thus producing further propul- 
sive thrust. 

The rotor of the pressure exchanger is driven by a 
motor 19. The embodiment shown in Figures 5 and 6 
is similar in essentials to that of Figures 1 to 4, and com- 
mon reference numerals are used for the same and similar 
parts. The chief difference of Figures 5 and 6 is that the 
gas exhausted at high pressure through the duct 7 is ex- 
panded not in a propulsion nozzle, but in a turbine 20 
which through a reduction gear drives an airscrew 21 
which provides most of the power needed. The turbine 
exhaust emerges into a duct 22 which is provided with a 
nozzle 23, forming with the nozzle 3 a nozzle arrange- 
ment, so that any residual velocity in the gases may aug- 
ment the thrust by expansion in the nozzle. 

In both the embodiments described above, the gas 
flow is indicated by the arrows. 

The compression of incoming air in the diffuser intake 
5 has the effect of increasing the efficiency of propulsion, 
and also has the effect of simplifying the machine by 
making provision for scavenging at low pressure. 

What I claim is: 

1. A jet reaction propulsion unit comprising an in- 
take for an ambient air supply, a pressure exchanger oper- 
able simultaneously to compress air from a comparatively 
low pressure and to expand hot gases from a compara- 
tively high pressure, ducting by means of which air is 
directly fed from said intake to said pressure exchanger 
for compression thereby, means for providing a scav- 
enging process for said pressure exchanger, a combustion 
system supplied by said pressure exchanger with com- 
pressed air for supporting combustion therein and pro- 
ducing high pressure combustion gases and air for ex- 
pansion in said pressure exchanger, at least one nozzle 
located so that a fluid expanded therethrough produces 
jet propulsive thrust, and a direct connection from said 
pressure exchanger to said nozzle through which flow said 
expanded gases and air. 

2. A jet reaction propulsion unit comprising an intake 
for an ambient air supply, a pressure exchanger operable 
simultaneously to compress air from a comparatively low 
pressure and to expand hot gases from a comparatively 
high pressure, ducting by means of which air is directly 
fed from said intake to said pressure exchanger for com- 
pression thereby, means for providing a scavenging proc- 
ess for said pressure exchanger, a combustion system sup- 
plied by said pressure exchanger with compressed air for 
supporting combustion therein and producing high pres- 
sure combustion gases and air, a proportion of which 
are expanded in said pressure exchanger, a branch pas- 
sage into which the remainder of said high pressure gases 
and air are diverted, at least one nozzle located so that 
a fluid expanded therethrough produces jet propulsive 
thrust, a direct connection from said pressure exchanger 
to said nozzle through which flow said expanded gases 
and air, and an extension of said branch passage to said 
nozzle through which (low said diverted gases and air. 

3. A jet reaction propulsion unit as claimed in claim 
2 comprising a number of outlets from said pressure ex- 
changer for said expanding gases and air at different 
stages in the expansion process and connections from 
each of said outlets to said nozzle arrangement. 

4. A jet reaction propulsion unit as claimed in claim 
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2 in which said scavenging means comprises at least one 
fan situated in said air intake. 

5. A propulsion unit delivering shaft power and jet re- 
active thrust comprising an air intake for an ambient air 

5 supply, a pressure exchanger operable simultaneously 
to compress air from a comparatively low pressure and to 
expand hot gases from a comparatively high pressure, 
ducting by means of which air is directly fed from said 
intake to said pressure exchanger for compression there- 
10 by, means for providing a scavenging process for said 
pressure exchanger, a combustion system supplied by 
said pressure exchanger with compressed air for support- 
ing combustion therein and producing high pressure com- 
bustion gases and air a proportion of which are expanded 
15 in said pressure exchanger, a branch passage into which 
the remainder of said high pressure gases and air are di- 
ver ed, a gas turbine to which said passage leads said 
d' :rled gases and air, shaft driven by said gas turbine, 
r :ast one nozzle located so that a fluid expanded there - 
-0 t ;ugh produces jet propulsive thrust, a direct connec- 
tion from said pressure exchanger to said one nozzle 
through which flow said expanded gases and air. 

6. A propulsion unit as claimed in claim 5 and com- 
prising an extension of said branch passage beyond said 

25 g2s turbine to another nozzle through which flow said 
diverted gases and air after they have done work in said 
gas turbine. 

7. A jet reaction propulsion unit comprising an intake 
for an ambient air supply, a pressure exchanger operable 

3d simultaneously to compress air from a comparatively low 
pressure and to expand hot gases from a comparatively 
high pressure, ducting by means of which air is directly 
feel from said intake to said pressure exchanger for com- 
pression thereby, means for providing a scavenging proc- 
3° css for said pressure exchanger, a combustion system 
supplied by said pressure exchanger with compressed air 
for supporting combustion therein and producing high 
pressure combustion gases and air lor expansion in said 
pressure exchanger, a bifurcated duct downstream of said 
40 pressure exchanger having one branch through which 
compressed air and gas are supplied to the combustion 
system and another branch through which high pressure 
gas is extracted from the pressure exchanger, at least 
one nozzle located so that fluid expanded therethrough 
•£5 produces jet propulsive thrust and a direct connection 
from said other branch to said nozzle. 

8. A jet reaction propulsive unit as claimed in claim 7 
in which there arc two of said nozzles and another direct 
connection is provided between the pressure exchanger 

50 and the other nozzle for flow therethrough of said ex- 
panded gavses and air. 

9. A jet reaction propulsion unit as claimed in claim S 
in which said nozzles arc coaxially situated with said one 
nozzle having its outlet upstream of said other nozzle. 

55 10. A jet reaction propulsion unit comprising an intake 

for an ambient air supply, a pressure exchanger operable 
simultaneously to compress air from a comparatively low 
pressure and to expand hot gases from a comparatively 
high pressure, ducting by means of which air is directly 
(30 fed from said intake to said pressure exchanger for com- 
pression thereby, scavenging means in said intake ducting 
providing a scavenging process at the heat rejection stage 
of said pressure exchanger, a combustion system supplied 
by said pressure exchanger with compressed air for sup- 
05 porting combustion therein and producing high pressure 
combustion gases and air for expansion in said pressure 
exchanger, further scavenging means at the heat input 
stage of said pressure exchanger, at least one nozzle lo- 
cated so that fluid expanded therethrough produces jet 
70 propulsive thrust, and a direct connection from said pres- 
sure exchanger to said nozzle through which flow said 
expanded gases and air. 

11. A jet reaction propulsion unit comprising an intake 
for an ambient air supply, a rotatable pressure exchanger 
76 cell wheel operable simultaneously to compress air front 
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a comparatively low pressure and to expand hot gases 
from a comparatively high pressure, stationary ducting 
by means of which air is directly fed from said intake 
to said pressure exchanger for compression thereby, means 
for rotating said cell wheel, scavenging means in said 6 
intake ducting providing a scavenging process at the heat 
rejection stage of said pressure exchanger, a combustion 
system supplied by said pressure exchanger with com- 
pressed air for supporting combustion therein and pro- 
ducing high pressure combustion gases and air for ex- 10 
pansion in said pressure exchanger, further scavenging 
means at the heat input stage of said pressure exchanger, 


6 

at least one nozzle located so that fluid expanded there- 
through produces jet propulsive thrust, and a direct con- 
nection from said pressure exchanger to said nozzle 
through which flow said expanded gases and air. 
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This invention relat to pressure exchangers, by which 
term is to be unden. d rotary machines (being heat 
engines working with ^iseous fluid) which comprise at 
least one rotor embodying cells arranged as a circular 
series, the working cycle of which machines involves the 
compression of gas in some cells of the series and the 
simultaneous expansion of gas in other cells of the series, 
the compression and expansion stages thus formed being 
associated with heat input and heat rejection stages (at 
high or low pressure) involving the flow of gas into, 
and/or out of, the cells. 

The gas flow arising at a heat input stage need if possi- 
ble be no more than the removal from the cells of surplus 
gas resulting from the increase in volume which arises 
from heating, and similarly, the gas flow arising at a 
heat rejection stage need if possible be no more than the 
addition of gas to the cells to make up for loss in volume 
resulting from cooling. 

In practice it is a convenient expedient for at least the 
heat rejection (and possibly also the heat input) to occur 
externally of the cells, and to this end it has been pro- 
posed for the gas flow associated with the heat rejection 
and heat input stages to be effected by the process (here- 
inafter called “scavenging”) by which each cell entering 
the heat input (or heat rejection) zone has its gas con- 
tent removed and replaced by other gas which, externally 
of the ceils, has been specially heated (or cooled), or 
which in either case if derived from a source of gas 
which is already at the desired high (or low) tempera- 
ture, this process of removal and replacement involving 
a continuous current of gas flowing through the cells in 
which it is occurring. 

The points in the working cycle at which heat input 
and heat rejection take place depends on the intended use 
of the machine. If the pressure exchanger is for use as a 
source of high pressure hot gas (e. g. for expansion in a 
gas turbine, or other engine, to provide mechanical 
work), then heat input occurs at high pressure and heat 
rejection at low pressure. On the other hand if the pres- 
sure exchanger be for use as a heat pump, or a refrig- 
erating machine, then the converse is the case (i. e. heat 
input at low pressure, heat rejection at high pressure). 

The pressure rise (or at least a part of it) occurring in 
the machine may be effected by expansion stage cells 
being placed into communication with compression stage 
cells, whereby the gas in the cells at higher pressure ex- 
pands into the cells at lower pressure, thus compressing 
gas in the latter cells, with consequent flow of some gas 
from expanding cells to compression cells. Such a gas 
flow (or one functionally corresponding to it) will be 
hereinafter called “transfer gas” flow to distinguish it 
from the gas flow associated with the heat input and heat 
rejection stages. 

The present invention aims at providing pressure ex- 
changers operating in a novel manner which in general 
are capable of offering an improved performance com- 
pared with known proposals (e. g. by rendering possible 
the reduction of unavoidable losses), and which may 
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have certain other advantages, such as constructional 
simplicity, higher specific output etc. 

The present invention provides a pressure exchanger as 
above defined, comprising two rotors each embodying 
5 cells arranged as a circular series, and stator structure 
appropriately ported to permit the gas flow associated 
with heat input and heat rejection, being a machine of 
which the working cycle is such that, in operation, ex- 
pansion cells of each rotor communicate with compres- 
10 sion cells of the other rotor, so that, in each rotor, com- 
pression of gas is effected by the expansion of gas occur- 
ring in the other rotor, with consequent flow of transfer 
gas from each rotor to the other. 

The invention includes arrangements having more than 
15 two rotors, of which any pair or pairs co-operate in oper- 
ation as set forth in the preceding paragraph. 

The rotors may be contra-rotating, and may be 
arranged in tandem (substantially co-axialty), or other- 
wise, Alternatively, contra-rotating rotors, co-axiaily 
20 arranged, may be nested one within the other. 

Scavenging (as above defined) is preferably employed 
at least at the heat rejection stage. Such scavenging 
may be in series or in parallel, with respect to the rotors. 

In cases where substantially co-axial rotors in tandem 
25 are used, they may be separated by stationary structure, 
or they may be arranged closely adjacent with no such 
intervening stationary structure. 

The stationary structure between the rotors, where 
present, may advantageously be provided with channels 
30 for the conveyance of transfer gas, and/or with port 
means to permit the flow of scavenging gas. 

Such arrangements offer the advantage of permitting 
the use of larger orifices for the scavenging gas thus re- 
ducing the losses connected with scavenging, and of in- 
35 creasing the specific output as bigger volumes of gas can 
be put through the machine. The stationary channels 
for the transfer gas also permit the use of a better shape 
for the channels or the provision of guide vanes or blades 
in them, thus reducing the losses due to relative rotation. 
40 The stationary channels will always serve for gas flows 
in one direction only. Thus the shape may be adapted 
to the gas flow, whereas if there are no such stationary 
channels the available passages (since they are provided 
in the rotors) are required to serve for gas flow in both 
directions, as every cell is alternately under compression 
and expansion. 

Further optional features according to the invention 
will appear below. 

The invention may find useful application to pressure 
50 exchangers in which a part or ail of the pressure rise and 
fall occurring in the machine is effected by waves of com- 
pression and expansion. 

The so-called “exchange of pressure” between gas 
which is expanding and gas which is being compressed 
55 ( e - g< between expansion cells which are in communica- 
tion by “transfer gas” apertures with compression cells), 
which gives rise to the name of the machines under dis- 
cussion, will, generally speaking, result at most in the 
equalisation of the pressure difference between the com- 
00 municating zones. It may be possible however, by 
appropriate designing, to further continue the exchanging 
process beyond the equalisation point i. e. until the pres- 
sure of the gas which has been compressed has risen 
above that of the gas which has expanded. 

05 Several examples of pressure exchangers according to 
the present invention will now be described with refer- 
ence to the accompanying drawings. In so doing, it will 
be assumed for convenience that the machines described 
are intended for use to provide a supply of hot gas under 
70 pressure, for example, gas for expansion in a turbine to 
provide mechanical work. In the drawings: 

Figure 1 is a section in the axial direction of one ma- 
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chine according to the invention, the section being taken 
along two different planes at right angles (as shown by the 
line I — I in Figure 2) so that the upper half of Figure 1 
is a section through a part of the machine in which 
scavenging is taking place, while the lower half is a 5 
section through a part of the machine in which com* 
pression and expansion (with consequent flow of trans- 
fer gas) is taking place. 

Figure 2 is a transverse section on the line II — II in 
Figure 1. 10 

Figure 3 is a fragmentary view constituting a section 
on the line III — III in Figure 1. 

Figure 4 is a cycle diagram of the operation of the 
machine shown in Figures I to 3, and other machines 
which are described below. 25 

Figure 5 represents a modified machine and is an 
axial section taken along two planes at right angles to 
each other, on the lines V — V in Figure 6. 

Figure 6 is a face view of the partition separating the 
two rotors. 20 

Figure 7 represents a further modification and is a 
half section taken axially through a part of the machine 
where scavenging is taking place. 

Figure 8 is a transverse section through Figure 7 ap- 
proximately on the line VIII — VIII. 25 

Figure 9 represents an alternative type of machine and 
is an axial section along planes at right angles as indi- 
cated by the line IX — IX in Figure 10. 

Figure 10 is an end view of the machine shown in 
Figure 9. 30 

Figure 11 shows a machine in which the rotors are 
arranged concentrically one within the other. 

Figure 12 is a cycle diagram showing the operation of 
a machine according to Figure 11. 

Figures 13-18 relate to further alternatives, Figures 35 
.13, 15, 16 and 17 being axial sections taken on two 
planes at right angles (thus Figure 13 is a section on 
the line XIII — XIII of Figure 14), and Figure 14 being 
a transverse section on the line XIV — XIV of Figure 13. 
Figure 18 is a cycle diagram using similar notation to 40 
Figures 4 and 12. 

In Figures 1 to 3 the rotors 1, 1' are mounted in tandem 
as shown, and suitably driven to rotate in opposite direc- 
tions. Each rotor 1, V comprises an inner cylinder 3, 3', 
and outer cylinder 3a, 3a', and intervening radial parti- 45 
tions 2a which form the circumferential series of cells 2. 

The cells are entirely open at their outside ends, 4 a, 4\ 
except that the openings may be a little reduced in size 
by narrow lands (not shown) serving as mountings for 
labyrinth seals in order to reduce leakage from one cell 50 
to others of the same rotor, and are partly open at their 
adjacent ends 5, S', where the openings 6, which permit 
the transfer of gas from “expansion” cells of one rotor 
to “compression” cells in the other rotor, only extend 
over about Vz the circumferential width of each cell. 

This arrangement prevents any cell from communicat- 
ing at the same time with more than one other cell except 
during the scavenging periods. The cells are divided 
by concentric cylindrical partition walls 7, T into two 
compartments, the cylindrical partition extending inwards 60 
from the outer ends of the cell rotors but stopping short 
of the inner ends, so that the radially inner and outer 
compartments in every cell are in free communication 
in the neighbourhood of the inner ends. The outer ends 
of the cell rotors are covered by stationary end plates 8, 6:> 
8' which have ports 9, 9' for scavenging at low pressure, 
and similar ports such as 10' for scavenging at high pres- 
sure. The low pressure openings extend over an angle 
of about 90° (the arc A— B in Fig. 2) and the high pres- 70 
sure openings extend over an angle of about 45° (the arc * 

C — D, Fig. 2). When the cells come in communica- 
tion with the scavenging ports the open outer faces of 
the cells are fully exposed for scavenging. In the example 
shown, the rotors are scavenged in parallel. The ducts 75 


for the intake of fresh air to be compressed communi- 
cate with the radially outer compartments 11, 11' of the 
cells while the inside compartments 12, 12' communi- 
cate^ with the exhaust ducts for expanded gas on both 
outside faces of the cells, so that the scavenging air enters 
the outside compartment 11, 11', flow axially through the 
cells towards the axially interior faces thereof, thus clear- 
ing the cells of exhaust gas and refilling them with fresh 
air, in the course of which the scavenging gas undergoes 
reversal of flow and returns through the radially inner 
compartments 12, 12' of the cells. This way of scaveng- 
ing permits full use of the cross section of the cells. If 
the scavenging took place through the inner openings 6 
serious throttling would occur as the average open area 
may not be more than 14 of the total circumferential 
cross section of a cell. The high pressure scavenging 
takes place in a similar manner, with the difference that 
the flow may be reversed as compared to the low pressure 
scavenging, i. e. the gas may enter the radially outer 
cell compartments first. Compressed gas for expansion 
coming, it is here assumed, from a combustion chamber, 
may enter the radially inner cell compartments, and the 
gas compressed in the machine emerges from the outer 
compartments, whence in the present case it is assumed 
to be wholly or partly led to the combustion chamber, 
from which some gas returns to the pressure exchanger 
while a surplus is used to perform work, e. g. in a 
turbine. 

In operation the cells of the one rotor leaving the high 
pressure scavenging ducts come into communication 
through apertures 6 with the cells of the other rotor 
travelling in the opposite direction and coming from a 
region of lower pressure. The gas in the cells of the first 
rotor, in expanding, is partly discharged through the 
transfer gas apertures 6, thus effecting compression of the 
gas in the cells of the other rotor. Looking at Figure 2, 
in one rotor the cells on the arc B — C will be undergoing 
compression and will be individually at pressures increas- 
ing from B to C, while the cells on the arc D — A will 
be undergoing expansion and will be individually at pres- 
sures decreasing from D to A. In the other rotor, which 
^travelling in the opposite direction, the C to B cells 
will be simultaneously undergoing expansion while the 
A to D cells will be undergoing compression. The opera- 
tion of the machine is diagrammatically shown in Figure 
4, in which the direction of flow of the transfer gas from 
one rotor to the other is indicated by the arrowed straight 
lines. It will be noticed that there arc no stationary trans- 
fer gas passages, the rotors being separated only by a 
small working clearance. 

The cell rotors are supported as shown in bearings 13, 
16, 17 and 18 so that the clearances 23, 23', 23" are 
small. 

To prevent leakage losses, the end plates 8, 8' and 
the end faces of the rotors are outwardly extended in 
the radial direction as at 26 to provide for the accom- 
modation of sealing means such as labyrinths or sealing 
blocks. 

In order to keep down the leakage losses the machine 
may be enclosed in an outer housing 19, 20 in which 
an intermediate gas pressure is maintained. 

In the machine according to Figures 5 and 6, the con- 
struction as will be obvious is in general very similar to 
that just described above, except that the rotors are sepa- 
rated by a fixed central partition 38 which is provided 
with stationary transfer gas channels 40 (see Figure 6). 
Clearance corresponding to 23, 23', 23" in Figure 1 re- 
quire to be small. The apertures 39 are the cell aper- 
tures for the conveyance of transfer gas and correspond 
in function to the apertures 6 in Figures 1 to 3. 

The alternative form of machine shewn in Figure 7 is 
one in which “straight-through” axial scavenging as op- 
posed to “reverse flow” scavenging is used. The rotors 
are again separated by a stationary partition 38 which 
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has sector shaped ports such as 41 (Figure 8) to allow 
the passage of the scavenging gases. The transfer gas 
apertures 39 are located in a radially outward position 
in the adjacent ends of the two rotors as shown, so the 
apertures do not interfere with the scavenging flow. It 
will be seen that the rotors are scavenged in series. 

Figures 9 and 10 show another form of machine in 
which straight through series scavenging is used. In this 
machine the rotors are again separated by a stationary 
partition 38 ported for scavenging flow in similar manner 
to the partition 38 in Figure 8. In the present case the 
apertures 39 for the transfer gas are provided around 
the outer peripheral wall of the cells, and in operation 
these apertures register with similar apertures 40 in the 
stationary casing, the apertures 40 being connected as 
shown by means of pipes 42 mounted externally of the 
casing. Alternatively it is possible to form t 1 apertures 
39 on the internal peripheral wall of the ce 1 ind to ac- 
commodate the pipes 42 internally of the casi: 

Figure 11 shows a machine which functionally corre- 
sponds closely to that described with reference to Figures 
1 and 2 but with the difference that the rotors are ar- 
ranged concentrically one within the other, the general 
arrangement being obvious from the drawing. The ap- 
ertures 39 for transfer gas are provided in the interior 
wall of the outer rotor and the exterior wall of the inner 
rotor. The figure is again an axial section along two 
planes at right angles, so that the upper half shows a 
scavenging zone, and the lower half shows a zone in which 
pressure exchange is taking place, with consequent flow 
of transfer gas. 

Various other alternative kinds of machines using 
rotors in tandem are possible, using series or parallel 
scavenging, and in which the rotors are separated by sta- 
tionary structure which may embody transfer gas chan- 
nels and/or scavenging ports, or alternatively may have 
neither. When scavenging in parallel is employed, the 
direction of flow of the separate scavenging streams may 
be selected as convenient. Some of these further al- 
ternatives are shown in Figures 13-18, in which the ref- 
erence notation is as follows: 

38, stationary partition structure between the rotors. 

39, special scavenging ports in outer cell periphery. 

39 a, special ports in outer cell periphery, used alternately 

for transfer flow and scavenging flow. 

40, transfer gas apertures in stationary structure. 

41, scavenging ports in stationary structure. 

42, stationary pipes for transfer gas. 

In Figures 13-16, both ends of the cells are also left 
open for the alternate passage of transfer flow and scav- 
enging flow. In Figure 17, the inner ends of the cells 
may be closed, as shown, while the outer ends are open. 
The arrows in the upper half of the axial sections indi- 
cate the scavenging flow, those in the lower half indicate 
the transfer flow. 

Some of the types of machine described above may be 
advantageously designed to work with each stage dupli- 
cated (i. e. for each rotor, two heat input stages, two heat 
rejection stages, two expansion stages and two com- 
pression stages). The working of such a machine is il- 
lustrated by Figure 18. The ducting etc. would naturally 
require to be duplicated accordingly. 

What I claim is: 

1. A pressure exchanger, in which gas compression 
results directly from and proceeds simultaneously with 
gas expansion, comprising two contra- rotatable rotors 
mounted on the same axis, cells around the periphery of 
each of said rotors, stationary structure adjacent said 
rotors, means providing a path through said stationary 
structure and cells of both rotors in series for scavenging 
gas flow at least once per working cycle of each cell, 
and means permitting transfer gas flow between cells of 
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both rotors, when scavenging gas flow is not occurring 
in those cells, which transfer gas flow directly effects gas 
compression in cells of one rotor by gas expansion from 
cells of the other rotor. 

5 2. A pressure exchanger as claimed in claim 1 in which 

the scavenging gas flow and the said transfer gas flow 
between the rotors are constrained to follow separate 
and distinct paths respectively. 

3. A pressure exchanger as claimed in claim 2 in which 
10 paths for the said transfer gas flow are defined by aper- 
tures located in adjacent ends of the rotor and positioned 
radially aside from the flow path for the scavenging gases, 
the working clearance between the two rotors being of 
such smallness that, in operation, and having regard to 

15 the alignment of the said apertures, the said transfer gas 
flow occurs satisfactorily from one rotor to the other. 

4. A pressure exchanger as claimed in claim 2 in 
which paths for the said transfer gas flow are defined by 
means comprising apertures provided in the peripheral 

20 walls of each rotor and stationary ducting so positioned 
that at intervals during the rotation of the rotors, the 
apertures are aligned with the ducting thereby forming 
the said paths. 

5. A pressure exchanger, in which gas compression 
25 results directly from and proceeds simultaneously with 

gas expansion, comprising two contra-rotatable rotors 
mounted on the same axis, cells around the periphery of 
each of the said rotors, stationary structure which is ad- 
jacent the said rotors and which is ported to define a 
30 path therethrough and through the cells of both rotors 
in series for scavenging gas flow at least once per work- 
ing cycle of each cell, and means permitting transfer gas 
flow between cells of both rotors, when scavenging gas 
flow is not occurring in those cells, which transfer gas 
35 flow directly effects gas compression in cells of one rotor 
by gas expansion from cells of the other rotor. 

6. A pressure exchanger as claimed in claim 5 in 
which the rotors are mounted in tandem and are arranged 
to rotate at the same angular velocity. 

40 7. A pressure exchanger as claimed in claim 6 in which 

the said stationary structure comprises a part separating 
the rotors from one another and which is ported to pro- 
vide passages for the said scavenging gas flow. 

8. A pressure exchanger, in which gas compression 
45 results directly from and proceeds simultaneously with 
gas expansion, comprising a stationary generally cylin- 
drical structure with a part thereof extending across the 
interior and partitioning the said structure into two sub- 
stantially equai cylindrical spaces, two contra-rotatable 
50 rotors both mounted on the longitudinal axis of the 
structure and each fitting closely within one of the said 
spaces, cells around the periphery of each rotor, ports 
in the end faces of the said stationary structure, corre- 
sponding passages through the said partition, together 
55 defining paths for scavening gas flow through the said 
structure and the rotors in series, at least once per work- 
ing cycle of each cell, and channels between cells of the 
two rotors, by which channels transfer gas flows between 
cells of both rotors, when scavenging gas flow is not oc- 
60 curring in those cells, which transfer gas flow directly ef- 
fects gas compression in cells of one rotor by gas ex- 
pansion from cells of the other rotor. 
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This invention relates to pressure exchangers, by which 15 
term is to be understood rotary machines which com- 
press a gaseous medium by employing the expansion, with- 
in the same machine, of another gaseous medium, or of 
another quantity of the same medium, the compression 
and expansion taking place in at least one circular series ^ 
of cells between which and other structure of the ma- 
chine there is a relative rotation, and the replacement of 
gas in the cells being effected during low pressure and 
high pressure scavenging stages in the former of which 
expanded gas in a cell is replaced by gas to be compressed, ^ 
and in the latter of which compressed gas in a cell or 
cells is replaced by gas to be expanded. 

In a typical pressure exchanger the cells are disposed 
to form a rotor to and from which gas is fed by non- 
rotary distributing means. Alternatively it has been 
suggested, for certain types of pressure exchanger, to use 
two rings of cells between which there is relative rota- 
tion, or to use a stationary ring of cells in combination 
with rotary gas distributing means. ^ 

Examples of known forms of pressure exchanger are 0 
disclosed for instance in British patent specification Nos. 
290,669, 427,957, and 553,208, and are illustrative of the 
art to which the invention relates. 

More particularly, the pressure exchanger applied to ^ 
the present invention is of the type and operates similarly 
to that described in British Patent No. 553,208, corre- 
sponding to U. S. Patent No. 2,399,394. The pressure 
exchanger broadly includes a rotor positioned between 
two end plates with cells annularly arranged around its 


the ring and the end plate. The bearing means may in- 
clude at least one bearing for maintaining the axial spac- 
ing between the end face of the ring of cells and the end 
plate. The displaceable end plate may be supported by 
guide means permitting axial displacement but preventing 
tilting of the end plate relatively to the ring of cells. One 
form of the guide means may comprise parallel motion 
mechanism permitting axial displacement of the end plate 
without tilting and it may comprise at least two shafts 
pivotally supported in a plane or in parallel planes nor- 
mal to the line of axial displacement of the end plate and 
not parallel to one another in a member relatively station- 
ary to the end plate and each bavirg at least two levers 
secured thereto which in combine 'on with link linking 
them to the end plate permits d’ 'acement of the end 
plate without tilting. The end p « may be prevented 
from moving laterally by support means holding the end 
plate against side movement. Another form of the guide 
means may comprise at least one shaft or tubular sleeve 
secured to the displaceable end plate and extending there- 
from and at least one tubular sleeve or shaft secured to 
a part held relatively stationary to the end plate and 
engaging and supporting the first mentioned shaft or tubu- 
lar sleeve respectively so as to permit axial displace- 
ment of the end plate without tilting and without lateral 
movement. 

The invention will now be described by way of example 
only with reference to the accompanying drawings in 
which : 

Figure 1 is a longitudinal section through a pressure ex- 
changer. 

Figure 2 is a cross-section through the pressure ex- 
changer on a line A — A of Figure 1. 

Figure 3 is a section through a pressure balancing cyl- 
inder with a multiplying lever-linkage system. 

Figure 4 is a diagrammatic view of another lever linkage 
system. 

Figure 5 is an end view of the cover of the pressure 
exchanger with a parallel motion lever linkage system. 

Figure 6 is a cross-sectional view of the cover with 
lever linkage system. 

In Figures 1 and 2 a pressure exchanger 1 has a rotor 2 
of drum shape containing a circular series or a ring of 
cells 3 rotatable within a casing 4 between two end plates 


periphery and four main duct connections, through two 
of which gas flows toward the cells and through two of 
which gas flows away from the cells. In the passage of 
gas between the cells of the rotor and the end plates the 
problem of gas leakage arises. To minimise gas leakage 
it is essential that the clearance between such an end 
plate and the adjacent face of the rotor should be as 
small as possible, and this involves difficulties due to 
the thermal expansion of the rotor. The main object of 
the present invention is to provide constructions which 
permit the said clearance to be small (and to remain sub- 
stantially constant) while at the same time allowing 
for thermal growth of the rotor in the axial direction, or 
for axial displacements of the rotor. 

According to the present invention in a pressure ex- 
changer for the expansion of a high pressure fluid simul- 
taneously with compression of a lower pressure fluid com- 
prising at least one circular series or ring of cells, at least 
one fluid distributing member or end plate arranged ad- 
jacent to one end face of the ring of cells for the replace- 
ment of fluid axially into the cells during relative rota- 
tion of the end plate and ring of cells, the end plate and 
the ring of cells are constructed and arranged adjacent 
one another in association with bearing means to permit 
relative rotation and to fix the axial spacing between them 
and with the end plate displaceably mounted for axial 
movement so as to maintain the axial spacing between 


46 5 and 6. The cells 3 are arranged with their longitudinal 
axes parallel with the axis of rotation of the ring of cells. 
The end plate 6 and a cover 7 are secured to the casing 
4 enclosing the end plate 5 which is displaceably mounted 
therein so as to be axially moveable without any tendency 
50 to tilt or rotate. The two end plates 5 and 6 are provided 
respectively with bearing housings 8 and 9 respectively 
enclosing bearings 10 and 11 supporting the shafts 12 — 13 
carrying the rotor 2 supported on spiders 14 and 15 ad- 
jacent to the ends of the rotor 2 and secured respectively 
65 to the shafts 12 and 13. As the rotor is secured to the 
shaft 12 and the bearing, e. g. as shown the double roller 
bearing 10, is fixed in position in relation to the bearing 
housing 8, it follows that the axial length of the gap be- 
tween the rotor 2 and the end plate 5 is substantially fixed. 
Expansion of the rotor results in equal axial displace- 
ment of the end plate 5 and the adjacent end face of the 
rotor. Similar measures apply also to the end plate 6, 
shaft 13 and bearing 11. The two end plates 5 and 6 
are formed with low pressure and high pressure inlet and 
outlet scavenging connections 16, 17, and 18, 19 through 
which low pressure fluid (air) and high pressure fluid 
(hot combustion gases) are passed for compression and 
expansion in the cells 3 in the rotor 2. The connections 
16 and 18 on the movable end plate 5 are arranged in 
70 sliding gas tight connection with connections 20 and 21 
formed on the casing 4. Gas tight seals 22 and 23 are 
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provided between the connections 16, 20 and 18, 21 re- 
spectively to prevent loss of fluid when the end plate 5 is 
moved. The shafts 12 — -13 are provided adjacent the 
spider 15 with an expansion joint 24 allowing for expan- 
sion and contraction of the rotor 2 and shafts 12—13 rela- 
tively to one another. 

The rotor 2 is formed of two concentric cylinders, an 
outer cylinder 25 and an inner cylinder 26 between which 
radial divisions 27 extend defining the cells 3. Labyrinth 
seals 28 are provided between the rotor 2 and the end 
plates 5 and 6 to prevent leakage from the cells 3 to 
the spaces within the casing 4. Rubbing contact seals 
of high temperature heat resisting and self lubricating car- 
bonaceous materials may be used in place of the labyrinth 
seats 28. The casing 4 in conjunction with the cover 7 
and the end plate 6 forms a closed vessel containing the 
rotor 2. The spaces around the rotor 2 may be main- 
tained at a pressure level between the high pressure and 
the lower pressure of the fluids being expanded and com- 
pressed into the cells 3 to diminish the pressure losses 
from the cells 3. 

The bearing housing 8 in the movable end plate 5 is 
provided with an axially extending sleeve 29 extending 
co-axially with the rotor shafts 12 — 13 towards the cover 
7 and located within a boss 30 extending from the cover 7 
towards the bearing housing 8. The sleeve 29 carries a 
bearing 31 for supporting an extension 12a of the shafts 
12 — 13 of smaller diameter which projects through, an 
opening in the cover 7. The sleeve 29 is arranged to slide 
axially within the boss 30 and is provided with a sealing 
member 33 and a seal for the sleeve 29 with the shaft 
extensions 12a and a seal 32 between the sleeve and open- 
ing in the cover 7. The rotor 2 is rotated by driving 
the shaft through either of its ends 12a or 13a or other- 
wise. The extended sleeve, together with the shaft and 
bearings with which it co-operates, forms an anti-tilting 
arrangement for the end plate 5. 

It is desirable that the anti-tilting arrangement should 
be reinforced. It will be clear from Figure 1 that, with 
higher pressure fluid in the upper cells than in the lower 
cells, the end plate 5 will experience a torque tending to 
turn it in an anti-clockwise direction in the plane of the 
figure about its bearing 10. This torque is resisted by 
the anti-tilting arrangement and, in addition, three pres- 
sure balancing devices are introduced. There are the 
three cylinders 34 (see Figures 1 and 2) formed in the 
cover 7 and the pistons 35 therein are connected by rods 
36 to the end plate 5. The pressure has to be exerted on 
the pistons so that the tendency for the end plate to be 
axially displaced and to be tilted may be further counter- 
acted. The pressure balancing cylinders are arranged to 
take some of the load off the bearing 10, to reduce the 
tendency for the axial displacement of the end plate and 
to reduce the torque on the anti-tilting arrangement which 
has already been mentioned. As the pressures on the 
end plate are not symmetrically disposed, it is clear that 
the pressure on the pistons will not be equal if the result 
desired is to be attained. 

In operation the connections 21 and 19 of the pressure 
exchanger 1 are joined to a high pressure fluid circuit (not 
shown) and the connections 20 and 17 are joined to a 
lower pressure circuit (not shown). As air is introduced 
through connection 16 to at least one of the cells the 
right end of the cell toward which it is passing is suddenly 
closed by means of the rotation of the cell wheel between 
the end plates. A pressure wave, thus produced, starts at 
the closed end and proceeds with the velocity of sound 
toward the open end from right to left, which end is 
also closed when the wave reaches it. This corresponds to 
what happens in a well-known hydraulic ram. The pres- 
sure rise depends upon the specific weight of the gas, its 
speed, and the rapidity of the closing operation. When 
the cell is filled with compressed air it travels to the 
upper part , of the pressure exchanger where the second 
phase of compression takes place. The air pressure in 
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the cell is still below that of the pressure of the com- 
bustion gases, so that when the left-hand side of the cell 
is opened, to conduit 18 the right-hand side being still 
closed the combustion gases rush in, compressing the air 
6 with a second pressure wave to its greatest pressure. As 
soon as the pressure wave gets to the right-hand end of 
the cell, this end of the cell is opened to conduit 19 and 
the whole content of the cell is in movement, the air 
being scavenged by the gas. Now the left-hand side of 
10 the cell is closed. As the gas is still in movement an 
expansion wave occurs, v/ith a corresponding reduction 
in pressure. When the wave reaches the right-hand end 
of the cell, this end is closed too and the enclosed gas, 
at reduced pressure, travels in the cell down toward the 
Id exit conduit 17. The last pressure drop of the gas now 
takes place. The cell is opened at its right-hand end and 
the gas expands further. As the left-hand end of the cell 
.is still closed, another expansion wave sets in, going from 
right to left. The result of this wave is a kind of Kadency 
effect which reduces the pressure in the cell still further, 
thus preparing it for the reception of more fresh air. The 
left-hand end of the cell is now opened to conduit 16 as 
soon as the expansion wave reaches it. The air scavenges 
the gas until the cell is filled with fresh air passing from 
2d left to right. The right-hand side of the cell again closes 
and the new cycle begins. Thus it can be seen that end 
plate 5 is subjected to a high pressure load at one point 
and to a lower pressure load at another point. The pres- 
sure difference between the high pressure load and the 
3b lower pressure load will tend to tilt the end plate 5 whilst 
both loads will tend to displace the end plate 5 axially 
and tend to increase the clearance between it and the 
rotor 2. In the Figure 1 embodiment the pistons 35 are 
supplied with fluid pressure to balance the loads on the 
o0 end plate 5. Thus high pressure fluid from an appro- 
priate point in the pressure exchanger 1 may be applied 
to the two pistons 35 on either side of the high pressure 
connection 21 (see Figure 2) through pipe 57 whilst at- 
mospheric pressure may be applied to the piston 35 adja- 
cent the lower pressure connection 20 through an orifice 
57a. In this instance the space inside the cover is assumed 
to be at the intermediate pressure already referred to so 
that piston 35 of the lower cylinder will be subject to a 
force to the left as shown in the figure. Hence, moments 
45 are developed by the pressure balancing cylinders which 
relieve the stress on the extended sleeve arrangement which 
is opposing tendencies for tilting or lateral movement of 
the end plate. 

In Figure 3 there is shown a multiplying lever-linkage 
50 system 36, 37, 33 which may enable a smaller piston 
and cylinder to be used. In this instance, of course, 
the movement of the piston is reversed and the pressure 
applied to a piston in such an arrangement has to be 
appropriately adjusted in order to produce the desired 
55 resultant. In Figure 4 there is shown another way in 
which the pressure balancing system may be constructed. 
This purely diagrammatic figure indicates that only a 
single cylinder and piston would be required. The piston 
rod 36 is connected to a lever 39 which is suspended 
60 from the cover by a link 40. The end plate 5, equipped 
with its anti-tilting arrangement and supported on its 
bearing as described above, is connected to the lever 39 
by appropriately positioned rods 41 and 42. As shown 
in the figure, and assuming a pressure tending to move 
65 the piston 35 to the right, then the rod 41 will exert a 
pressure to the right on the end plate whilst the force 
on the end plate due to the existence of rod 42 will 
be in the opposite direction. It will be apparent that 
the positioning of the reds 41, 42 may be so arranged 
<6 as to provide the appropriate forces on the end plate 
to counteract the torque on the anti-tilting arrangement 
and the tendency for axial displacement of the end plate. 

The movable end plate 5 may be prevented from being 
displaced and tilted by the arrangement shown in Figures 
75 5 and 6 as an alternative to the extended sleeve arrange- 
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meat already described. The cover 7 is provided with 
a pair of shafts 43 and 44 which lie in parallel planes, 
intersect at an angle and are pivoted respectively in bosses 
45, 46 and 47, 48. The shafts 43 and 44 have levers 
49, 50 and 51, 52 respectively fixed to them and links 5 
53, 54 and 55, 56 respectively connected to the end 
plate 5 and to the levers 49, 50 and 51, 51. Purely axial 
movement of the end plate causes equal longitudinal mo- 
tion of the links, the respective levers and shafts turn, 
permitting the displacement. Tilting forces, however, 10 
try to move links connected to the same shaft in opposite 
longitudinal sense. Torsional forces then are Induced 
in a shaft, which it accommodates thereby preventing 
any tilting. This mechanism, in taking the place of the 
sleeve extension 29 to the bearing housing 8 shown in 15 
Figure 1, renders the tubular boss 30 unnecessary and 
the shaft 12a emerges through a gland in the cover 7. 

In other respects the end plate mounting and the bearing 
for the end plate ar rotor are as shown in Figure 1. 

Co-operating wi the anti-tilting arrangement of the 20 
pair of shafts 34 a 44 there may be arranged a single 
pressure balancing cylinder 34 with piston 35 and piston 
rod 36 to counter balance loads due to the high pressure 
balancing cylinder 34 and piston 35 a diaphragm motor 
or an expansible bellows may be used acting directly 25 
or indirectly on the end plate 5 through a lever-linkage 
system as described above. The pressure balancing pis- 
ton or diaphragm motor or bellows is preferably dis- 
posed to act substantially in an axial direction and the 
pressure fluid required to operate it may be derived from 30 
an appropriate region of the pressure exchanger. 

In the pressure exchanger in which it is necessary for 
two movable end plates to be provided between which 
is disposed a rotor or rotors, each end plate is constructed 
and arranged to be capable of axial movement to allow 35 
for thermal growth or limited axial displacement of the 
rotor or rotors substantially as described above for the 
single movable end plate. Where two movable end plates 
require balancing, one end plate may be balanced by 
one or more pressure balancing pistons, diaphragms or 40 
bellows directly whilst the other end plate may be bal- 
anced indirectly from the same pistons, diaphragms or 
bellows through levers and links. 

Obviously where pistons movable in cylinders are used 
to provide the balancing force, the cylinders may be 45 
attached to the end plate and the pistons to the non- 
movable part of the machine which is opposite to that 
described and shown in the drawings. 

In order to obtain good results from the invention it 
may be desirable to heat or cool certain parts by leading 50 
working fluid from other parts of the pressure exchanger 
and conducting such fluid to flow in contact with the 
parts such as the rotor shaft and bearings whose tem- 
perature it is desired to control, the object being to re- 
duce the temperature gradients or to establish certain C5 
temperatures at particular parts of the exchanger. 

In a pressure exchanger in which one of the fluids is 
at a high temperature it may be necessary to cool certain 
parts such as the bearings and adjacent supporting struc- 
ture, In Figure 1 the bearing housing 8 is shown with 00 
a liquid cooling jacket 58 surrounding the bearing 10 
and the boss 30 is shown provided with a liquid cooling 
jacket 59 surrounding the sleeve 29. 

What I claim is: 

1. A pressure exchanger comprising in combination 05 
a cell ring, an end plate and outlet means; said end 
plate and outlet means being mounted coaxially with 
said cell ring for relative rotation; said cell ring defin- 
ing a series of open-ended cells extending therethrough; 
said end plate including inlet means on an end of said 70 
cell ring to allow the introduction of low pressure fluid 
into said cells, a second inlet means circumferentially 
displaced from said first means to allow the introduction 
of high pressure fluid into said cells; said outlet means 
being slightly circumferentially off-set respectively from 75 
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said high and from said low pressure inlet means als<3 
on an end of said cell ring whereby the pressure of the 
low pressure fluid is raised and the pressure of the high 
pressure fluid is lowered in said cells during relative 
rotation of said cell ring, end plate and outlet means, 
thereby producing a pressure gradation circumferentially 
of the axis of rotation of said cell ring, end plate and 
outlet means; a supporting arrangement for maintaining 
at variable temperatures a predetermined clearance be- 
tween the cell ring and the end plate comprising a bear- 
ing means supporting the cell ring and the end plate 
and a mounting supporting said bearing means and per- 
mitting said end plate to be axially displaced so that 
axial thermal expansion of the cell ring effects equal 
axial movement of the end plate. 

2. In a pressure exchanger a supporting arrangement 
as claimed in claim 1 in which said bearing means com- 
prises a thrust bearing, bearing housing and shafting 
carried by said thrust bearing which support both cell 
ring and end plate. 

3. In a pressure exchanger a supporting arrangement 
as claimed in claim 2 in which said mounting comprises 
anti-tilting means for counteracting the tendency of the 
end plate to tilt due to unequal pressure being applied 
to diametrically opposed portions of the end plate. 

4. In a pressure exchanger a supporting arrangement 
as claimed in claim 3 in which said anti-tilting means 
comprises a parallel motion mechanism. 

5. In a pressure exchanger, a supporting arrangement 
as claimed in claim 4 in which said anti-tilting means 
comprises a member interconnected with said end plate 
and stationary relative thereto, at least two shafts in 
parallel planes normal to the line of axial movement of 
the end plate and not parallel to one another pivotally 
supported in said stationary member, two levers secured 
to each shaft and rigid links connecting each lever to 
the end plate. 

6. A pressure exchanger comprising in combination 
a cell ring, an end plate and outlet means; said end plate 
and outlet means being mounted coaxially with said cell 
ring for relative rotation; said cell ring defining a series 
of open-ended cells extending therethrough; said end 
plate including inlet means on an end of said cell ring 
to allow the introduction of low pressure fluid into said 
cells, a second inlet means circumferentially displaced 
from said first means to allow the introduction of high 
pressure fluid into said cells; said outlet means being 
slightly circumferentially off-set respectively from said 
high and from said low pressure inlet means also on an 
end of said cell ring whereby the pressure of the low 
pressure fluid is raised and the pressure of the high 
pressure fluid is lowered in said celts during relative 
rotation of said cell ring, end plate and outlet means, 
thereby producing a pressure gradation circumferentially 
of the axis of rotation of said cell ring, end plate and 
outlet means; a supporting arrangement for maintaining 
at variable temperatures a predetermined clearance be- 
tween the cell ring and the end plate comprising a bear- 
ing means supporting the cell ring and the end plate, 
a member interconnected with said end plate and sta- 
tionary relative thereto, a co-axially extending shaft and 
sleeve combination one part of which is secured to and 
extends from the end plate while the other part is se- 
cured to and extends from said stationary mem- 
ber, this combination opposing any tilting tendency of 
the end plate, and a mounting supporting said bearing 
means and permitting said end plate to be axially dis- 
placed so that axial thermal expansion of the cell ring 
effects equal axial movement of the end plate. 

7. A pressure exchanger comprising in combination 
a cell ring, an end plate and outlet means; said end plate 
and outlet means being mounted coaxially with said cell 
ring for relative rotation; said cell ring defining a series 
of open-ended celts extending therethrough; said end 
plate including inlet means on an end of said cell ring 
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to allow the introduction of low pressure fluid into said 
cells, a second inlet means circumferentially displaced 
from said first means to allow the introduction of high 
pressure fluid into said cells; said outlet means being 
slightly circumferentially off-set respectively from said i 
high and from said low pressure inlet means also on 
an end of said cell ring whereby the pressure of the low 
pressure fluid is raised and the pressure of the high pres- 
sure fluid is lowered in said cells during relative rotation 
of said cell ring, end plate and outlet means, thereby 1 
producing a pressure gradation circumferentially of the 
axis of rotation of said cell ring, end plate and outlet 
means; a supporting arrangement for maintaining at vari- 
able temperatures a predetermined clearance between 
the cell ring and the end plate comprising a bearing 1 
means supporting the cell ring and the end plate, ai 
least one fluid operated pressure balancing device acting 
upon the end plate to reduce the load upon said bearing 
means and a mounting supporting said bearing means 
and permitting said end plate to be axially displaced 2 
so that axial thermal expansion of the cell ring effects 
equal axial movement of the end plate. 

8. In a pressure exchanger, a supporting arrangement 
as claimed in claim 7 in which said pressure balancing 
device comprises a cylinder, a piston head sliding in the 2 
cylinder and a connection through which fluid has ac- 
cess to the piston head. 

9. A pressure exchanger comprising in combination 
a cell ring, an end plate and outlet means; said end plate 
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series of open-ended cells extending therethrough; said 
end plate including inlet means on an end of said cell 
ring to allow the introduction of low pressure fluid into 
said cells, a second inlet means circumferentially dis- 
5 placed from said first means to allow the introduction 
of high pressure fluid into said cells; said outlet means 
being slightly circumferentially off-set respectively from 
said high and from said low pressure inlet means also 
on an end of said cell ring whereby the pressure of the 
0 low pressure fluid is raised and the pressure of the high 
pressure fluid is lowered in said cells during relative ro- 
tation of said cell ring, end plate and outlet means, there- 
by producing a pressure gradation circumferentially of 
the axis of rotation of said cell ring, end plate and outlet 
5 means; a supporting arrangement for maintaining at vari- 
able temperatures a predetermined clearance between 
the cell ring and the end plate comprising a bearing sup- 
porting said end plate, shafting supporting said cell ring 
and running in said bearing, a telescopic joint in said 
0 shafting to allow for axial expansion of the cell ring 
and a mounting supporting said bearing and permitting 
said end plate to be axially displaced so that axial thermal 
expansion of the cell ring effects equal axial movement 
of the end plate. 

5 
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This invention relates to pressure exchangers and to 
applications thereof. Pressure exchangers have been 
previously proposed in which work is transmitted from 
a fluid of higher pressure level to a fluid at a lower pres- 
sure level. Suggested apparatus for this purpose has com- 
prised a cell wheel with end plates adjacent the ends 
thereof through which fluid is delivered to and discharged 
from the cells. In such apparatus the cell wheel and end 
plates are relatively rotatable. In one proposed pressure 
exchanger the transmission of work capacity was to be 
performed by fluid pressure impulses within the cells 
whilst in others the expansion of fluid from one cell 
effected compression of fluid in another. Scavenging 
through the cells at one stage of operation is a common 
expedient. 

The present invention provides a pressure exchanger 
comprising a number of cells each of which is placed in 
communication at its ends with fluids at different pressure 
levels so that there is at such times a pressure difference 
between the two ends of the cell and so that, by accelera- 
tion and deceleration of fluid within the cells, work is 
transmitted between fluid communicating with the pres- 
sure exchanger at the different pressure levels. 

The cells of such a pressure exchanger may conven- 
iently be arranged annuiarly around the periphery of a cell 
wheel which is rotatable relatively to an adjacent end 
plate. Through that end plate the cells may have access 
to a plurality of ducts circumferentially spaced relative 
to the axis of rotation, through which fluids at different 
pressure levels are delivered to the cells. At the other end 
of the cells from that end plate communication may be ob- 
tained to one or more ducts maintained at pressure levels 
different from those of the delivered fluid; a similarly 
arranged end plate may be incorporated at this other end 
also. The width of the duct passages through an end 
plate and their mutual relationship are preferably ar- 
ranged so that in a normal operation most advantageous 
use is made of acceleration and deceleration impulses 
caused in the fluid within a cell as the latter moves rela- 
tively to the duct passages. 

A pressure exchanger according to the invention is 
stated above to have in operation a pressure difference 
between the two ends of a cell. In certain instances it is 
convenient to transform a fluid pressure into a velocity 
component, for example one end of a cell may be delib- 
erately made convergent in cross sectional area so that 
fluid is discharged therethrough at a higher speed than 
it otherwise would be. Such an increase in velocity at 
the expense of fluid pressure and similar transformations 
are intended to be maintained within the scope of the 
invention. 

The present invention further provides a pressure ex- 
changer comprising a number of cells each of which in 
turn is placed in communication at one end with fluid at 
two different pressure levels alternatively and at its op- 
posite end only with, fluid at a pressure level between said 
different pressure levels. 

As an extension of the latter pressure exchanger each 


6 of said pressure levels. 

According to the invention there is provided a pres.su rc 
exchanger which is arranged substantially to equalize the 
pressure of fluids at a plurality of pressure levels compris- 
ing a cell wheel, and end plate adjacent thereto, means 
10 for effecting relative rotation between the cell wheel and 
the end plate, a plurality of ducts through each of which 
one o’ said different pressure fluids is conveyed to the end 
plat or delivery to the cell wheel, the arrangement being 
sue: at every cell in turn is placed in communication at 

15 one ,d with said ducts in succession, and a common 
duct whose internal pressure is maintained at a level in- 
termediate between the extreme pressures of said delivered 
fluids into which fluid is discharged from the other end of 
the cells. 

20 The latter is a special form of pressure exchanger, that 
is one which receives fluids at different pressure levels and 
in effect discharges fluid at an intermediate pressure level, 
this apparatus may be termed a pressure equalizer. 

The invention also provides a pressure exchanger which 
25 is arranged to produce from a fluid delivered thereto 
supplies a fluid at a plurality of pressure levels, at least 
one being higher and another lower than the pressure of 
said delivered fluid, comprising a cell wheel, an end plate 
adjacent thereto, means for effecting relative rotation be- 
30 tween cell wheel and end plate, a duct through which said 
delivered fluid is passed to one end of every cell and a 
plurality of ducts extending downstream of the cell wheel 
from the end plate each of which ducts is maintained at 
a different internal pressure level at least one being higher 
35 and another lower than the pressure of said delivered 
fluid and into which ducts fluid is discharged from the 
other end of the cells. 

The latter is another special form of pressure exchanger, 
that is one in which delivered fluid transmits work to 
40 fluid leaving at a higher pressure, further fluid leaving at 
a lower pressure. This form of pressure exchanger may 
be termed a pressure divider. 

Pressure exchangers according to the present invention 
have several distinguishing features from those according 
to the prior art. For instance embodiments of the present 
invention function as a result of practically continuous 
presence of acceleration or decleration fluid pressure im- 
pulses within any cell. There is no appreciable cell 
scavenging taking place at any stage in the operation of 
AO the apparatus. Moreover the prior proposals have been 
always for pressure exchangers forming the major part 
of either a heat engine or a heat pump. It has been a 
common factor of previously suggested pressure ex- 
changers for fluid extracted from the cell wheel of the 
33 exchanger to be reintroduced, e.g. after heating, into the 
cell wheel. This feature is not present in embodiments 
of the present invention. 

In this case, as with the prior art, the fluids between 
which work is transmitted are most conveniently in gase- 
30 ous state. However pressure exchangers according to the 
present invention are not exclusively intended to operate 
upon gases, liquids may also be employed and it is pos- 
sible to envisage embodiments intended for work trans- 
mission between liquid and gaseous fluids. 

33 Pressure exchangers as now set forth have many appli- 
cations, particularly as components of heat engine plant. 

The present invention provides a heat engine com- 
prising a first pressure exchanger receiving gas at a first 
pressure level and discharging said gas at two pressure 
» levels one higher and the other lower than said first level, 
a gas heating system receiving gas at said higher pressure 
level from the first pressure exchanger and discharging 
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hot gas and a second pressure exchanger receiving said 
hot gas and gas discharged at said lower pressure level 
from the first pressure exchanger and discharging a 
stream of hot gas. 

The hot gas stream, the gas at the lower pressure level 
of the first pressure exchanger or further gas received 
at the first pressure level may he expanded through an 
expansion machine. The latter is preferably a gas tur- 
bine. 

ff the second pressure exchanger is arranged to receive 
a further gas supply at a low temperature compared with 
the hot gas, greater heat may be introduced via the heat- 
ing system. It is possible by replacement of the heating 
system with an internal combustion engine to supercharge 
the latter. 

The expanded hot gases leaving a conventional com- 
pressor-gas turbine set may conveniently be introduced 
into a pressure exchanger with a lower pressure gas sup- 
ply. The discharged gas therefrom may then be ex- 
panded through a nozzle to produce a highly efficient 
propulsive thrust. 

Tn another possible arrangement of a compressor-gas 
turbine set, hot gas leaving the heating system to the 
set is introduced into a pressure exchanger together 
with a lower pressure gas supply. The gas discharged 
from the pressure exchanger is then expanded through 
the turbine. By this arrangement the heating system 
can be allowed to introduce more heat than otherwise 
would be the case. 

The invention will now be described with reference to 
certain embodiments thereof shown by way of example 
only in the accompanying drawings in which: 

Figure 1 is a cross-sectional elevation through a pres- 
sure exchanger according to one embodiment of the 
invention, the upper half being a section at right angles 
to the lower half and shown as section II — II of Figure 2. 

Figure 2 shows in its sector A a cross-section on the 
line AA of Figure 1 and in its sector B the face of an 
end plate of the same embodiment viewed at the position 
BB. i.e. from the right hand end of the cell wheel struc- 
ture 1 of Figure 1. 

Figure 3 is a peripheral development of part of the 
cell wheel and ducting making up the embodiment of 
Figure 1. 

Figure 4 is a cross-sectional elevation through a second 
embodiment of the invention and Figure 5 shows a cor- 
responding view of a third embodiment of the invention. 

Figure 5 A is a perspective view of a component of the 
apparatus of Figure 5. 

Figures 6, 7 and 8 show three alternative ways in 
which pressure exchangers according to the invention 
can be incorporated into new heat engine arrangements 
in order to achieve certain desired advantages. 

Figure 9 shows the incorporation of a pressure ex- 
changer according to the present invention in a gas tur- 
bine jet propulsion engine. 

Figure 10 shows an alternative arrangement of gas 
turbine plant lay-out in which the position of the pres- 
sure exchanger is different. 

Turning first to the embodiment shown in Figures 1 
to 3 there will be seen a rotary cell wheel 1 carried by a 
shaft 2 which is itself located in bearings 3 and 3'. The 
bearings are nested within end plates at opposite ends of 
the cell wheel as shown at 4 and 4'. The rotary cell 
wheel consists of a cylinder with a peripheral annulus 
formed between the outer wall 6 and the inner wall 7, 
which annulus is divided by axial/radial partitions 5 
(which can best be seen in Figure 2) thus forming a 
number of cells 5'. The end faces 8 and 8' of the cell 
wheel are located closely adjacent to the respective faces 
of the end plates 4, 4' and sealing arrangements (not 
shown) are provided between the cell wheel faces and 
the end plates to reduce leakage losses. Such seals may 
take the form of labyrinth glands or sliding seals for 
example. They need not necessarily be on opposing 
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faces in the radial plane as shown in Figure 1 but can 
quite well be provided on cylindrical surfaces, that is 
co-axial with the rotor and in some circumstances this 
may be preferable. In Figure 3 opportunity has been 
5 taken to show that the partitions 5 making up the cells 5' 
of the cell wheel need not necessarily be axial but can 
be inclined to the axial plane. Each end plate has ducts 
extending through it away from the cell wheel through 
which fluid is arranged to pass to and from the cell 
10 wheel. The duct passages 9, 9', 10, 10', in the end- 
plates arc arranged in circumferentially spaced fashion 
around the shaft axis and are separated from one an- 
other by partitions 11, 11', 12, 12', 13, 13', shown clear- 
ly in Figure 3. 

15 In the faces of the end-plates adjacent to the cell wheel 
there arc sector shaped wall sections such as that shown 
at 14 in Figure 2 which divide the duct passages from 
one another. The passages themselves, such as that 
shown at 9, may be formed either as convergent or di- 
20 vergent passages as is required by the design of the pres- 
sure exchanger. In Figure 1 the arrows 15, 15', 16, 16', 
are intended to show the direction of flow of gas through 
the pressure exchanger and in Figure 3 will be seen an 
arrow 17 which indicates the direction of rotation of the 
25 cell wheel relative to the stationary end plates. In this 
embodiment it is the cell wheel that rotates but it is clear- 
ly apparent that relative rotation may be obtained be- 
tween ceil wheel and end plates by an arrangement of 
end plates which itself rotates, the cell wheel being a 
30 stationary structure. As shown in Figure 1 the rotating 
cell wheel mounted upon the shaft 2 may be driven by 
an external drive connected to the free end of the shaft. 

The end plates 4 and 4' can be secured to each other 
as a rigid structure but they are preferably arranged rela- 
35 live to the cell wheel so that there is allowance for expan- 
sion. The supporting arrangement then has to be such as 
permit axial displacement of the end plates relative to 
one another without any tilting being permitted. This 
is required so that the sealing system between end plates 
40 and cell wheel may be maintained. An arrangement has 
been previously described in U.S. Patent Application 
Serial No. 323,490, now U.S. Patent 2,779,530 in which 
the clearance gap between cell wheel and end plate is 
kept substantially constant in spite of thermal expansion. 
Use was made of bearings which are capable of taking 
axial thrust and are arranged closely to the clearance gap 
which is to be maintained. Tilting of the end plate 
was also prevented by the provision of guiding means 
which allows the end plate to be displaced in an axial 
50 direction only. 

The operation of the pressure exchanger shown in the 
first three figures is as follows: 

It will be recalled that in Figure 1 the ducts 9 and 10, 
and 9 ' and 10' are alternately arranged around the shaft 
55 axis, in fact approximately at right angles to one another 
as is more clearly shown in the sector B of Figure 2. The 
two diametrically opposite ducts 9 are bifurcated up- 
stream of the pressure exchanger from a single duct. The 
same arrangement applies to the inlet passages 10. These 
50 are also bifurcated branches of a single duct. The duct 
leading to the inlet passages 9 communicates with the 
source of fluid at one pressure and the duct leading to 
the inlet passages 10 communicates with a source of 
fluid at another pressure. One of these pressures may 
05 conveniently be atmospheric pressure the fluid supplied 
being ambient air. The outlet passages from the pressure 
exchanger 9' and 10' are either each connected to sources 
of fluid at different pressures or are all connected to one 
single outlet duct downstream of the pressure exchanger. 
70 In the latter case the outlet duct is itself maintained at a 
pressure intermediate between the pressure levels of the 
two inlet fluid supplies. 

It will be seen that the low pressure fluid entering the 
cell wheel does so by means of passages which alternate 
75 with passages for the entry of fluid at a higher pressure. 
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Different pressure levels exist at the other end of the 
cells, e.g. two pressures between the higher and lower 
fluid entry pressures. Thus the cells receive impulses 
of high pressure fluid causing acceleration in each cell 
followed by periods of depression where the low pressure 
fluid acts on a cell thereby effecting deceleration therein. 
At the other end of each cell fluid contained therein is 
delivered to the pressure level obtaining in the adjacent 
duct passage, the entering fluid of higher pressure in effect 
pumping or compressing the entering fluid of lower pres- 
sure which also enters, to the two leaving pressure levels. 
Thereafter the latter fluids are used to provide reactive 
thrust or expanded in an expansion machine or employed 
in some other convenient way. 

The relationship between the spacing of the cell parti- 
tion walls 5 and the width of the ducts 9, 9'. 10, 10', has 
been previously discussed in relation to other pressure 
exchanger proposals. As shown in Figure 3. e.g. at 14 and 
14', the end plate walls have distinct parts which provide 
duct passages from one another and which provide that 
communication between any cell and the ducts shall be in- 
termittent. It is preferred that this should be so even when 
one end of all the cells is opened only to a common fluid 
pressure level. The duct passage openings in the end plate 
walls are preferably so located that an end of a cell is 
closed by the end plate wall substantially at the instance of 
arrival at that cell end of a compression or expansion im- 
pulse caused by the other end of the cell being closed. 
It is also preferable that an impulse caused by an end 
of a cell being opened to a duct passage should reach the 
other end of the cell at the instant when that other cell 
end is opened to its passage. Although it is not possible 
to define as closely as one would wish the instant at which 
a cell passes a duct passage edge and thereby gives rise 
to an impulse in the cell, it is desirable that a cell should 
remain in contact with a duct for a period equal to the 
time required for an impulse to travel from one end of 
a cell to the other and back again or an integral multiple 
thereof. 

The parts of the end plate walls between various duct 
passages leading to and from the cell wheel may not be 
of equal width due to the fact that depression impulses 
become extended in length when travelling through the 
cell and compression impulses are decreased in length. 
Considering this in connection with Figure 3 there will 
be seen there an end plate structure 11 having a wail ad- 
jacent the cell wheel 14. At the other end of the cell 
wheel there is the end plate having a part of the wall 
between adjacent passages shown at 14'. The impulse due 
to the dosing of a cell by the end wall part 14 has to 
reach the other end of the cell at the moment when the 
end plate wall 14' is closing the same cell. However, 
when a cell passes the end plate wall 14 and is opened 
thereby the impulse travelling to the other end of the cell 
has to reach there at the same moment when the cell is 
being opened by the end plate wall edge 14'. As the 
rotation of the cell wheel is at constant angular velocity 
and the times for the impulses to travel through the cell 
are different the widths of the end plate wall sectors 14 
and 14' are preferably themselves different for efficient 
operation. 

Consider higher pressure fluid entering into the pressure 
exchanger of Figure 3 in the direction of the arrows 1<S 
through the entry passage 10. In the left hand cell of 
the peripheral development of the cell wheel there is fluid 
at a pressure lower than the fluid entering through the 
passage 10, and its other end opening to passage 9' is also 
at a lower pressure hence the fluid in the cell is acceler- 
ated, The higher pressure fluid entering the cell sets up 
an acceleration impulse which is able to pump the fluid 
in the cell to the pressure level obtaining in the duct 9' 
which is assumed to be higher than that in duct passage 
10'. Fluid therefore leaves the cell in the direction of 
the arrow 15'. On connection of the same cell to the 
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outlet passage 10' and to the inlet duct 9 where a lower 
pressure obtains the pressure difference between the ends 
of the cell changes sign and retardation of the fluid flow 
is caused. However a depression exists at the upstream 
5 end of a cell as it becomes opened to passage 9 and fluid 
continues to enter the pressure exchanger. At the down- 
stream end of the cell fluid is discharged into the passage 
10' in the direction 16'. The cell proceeds on its way 
and once again it becomes open at its upstream end to a 
10 fluid of higher pressure through the next duct 10 and an 
acceleration impulse pumps the fluid in the cell out 
through the next outlet passage 9'. 

The high pressure fluid supplied to the pressure ex- 
changer may conveniently be the hot combustion prod- 
15 ucts from a combustion system. Where this is so and 
the lower pressure fluid is atmospheric air there is a very 
useful application of this machine to gas turbine plant 
in a manner which will be descri’ ?d in more detail be- 
low. 

20 In the embodiment of the inv on illustrated in Fig- 
ure 4 it will be seen that there ^ only one end plate 
proper, namely that shown at 18 which carries ducts 
19 and 20 for fluids at two different pressure levels en- 
tering the pressure exchanger. In this diagram it is 
25 more clearly shown how the entry duct 20 is bifurcated 
upstream of the pressure exchanger, fluid supplied there- 
from going to diametrically opposed duct passage open- 
ings in the end plate adjacent to the cell wheel. The cell 
wheel rotor 21 is supported by a shaft 22 which runs 
30 in bearings 23 and 24. The cells 25 themselves are of 
more complicated from than those shown in the embodi- 
ment above in that they are partly conical. Their down- 
stream ends open into a common discharge orifice 26 
through which fluid leaves the pressure exchanger. As 
35 in the previously described embodiment two fluids at 
higher and lower pressure levels enter the device by the 
ducts 19 and 20 respectively which alternate peripherally 
around the annular entry into the cells 25 through the 
end plate 18. The common duct terminating in the dis- 
40 charge orifice 26 is in this case maintained at a pres- 
sure intermediate between the two inlet pressures and 
the fluid leaves the cells at that pressure. Pressure is 
immediately transformed into velocity but in operation 
it can be considered that a pressure difference exists across 
45 the ends of each cell. An embodiment very similar to 
that shown in Figure 4 can be clearly envisaged in which 
it is the end plate structure which rotates to a stationary 
cell wheel. Such a possibility is illustrated by the mat- 
ing together of the rotating and stationary parts of the 
50 inlet duct 20 by the peripheral surface 27 running within 
the stationary bearing surface at the end of the duct 28. 
This arrangement will not only permit rotation but will 
take up axial displacement of the end plate. A labyrinth 
seal or the like would be included in this arrangement. 
55 If it is so desired the orifice 26 may be shaped as a 
nozzle so that the fluid leaving the pressure exchanger 
can expand and accelerate. 

While the two embodiments described above have been 
pressure exchanging and pressure equalizing arrange- 
60 ments, that shown in Figure 5 is a pressure dividing ar- 
rangement. A rotary cell wheel 29 is formed integral- 
ly with the ducting through which fluid is passed to the 
cell wheel. Fluid enters the cell wheel in this case at 
one pressure level only. Also integral with the cell 
65 wheel itself is a cylindrical duct 31 into which is dis- 
charged fluid at one of the two outlet pressure levels. 
In this instance it is the end plate which is rotatable rela- 
tive to a stationary cell wheel, the end plate being shown 
at 32. It comprises ducts 33 for fluid leaving the pres- 
70 sure exchanger at a different pressure from that of fluid 
leaving through the cylindrical duct 31. The end plate 
is supported by a shaft 37 which runs in bearings 35. 
The outlet duct passages 33 join into a common conduit 
36 in which there is maintained a pressure level either 
75 higher or lower than the input pressure level. 
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In Figure 5A there will be seen a diagrammatic per- 
spective view of the end plate 32, showing in particular 
the arrangement of the outlet ducts. The two ducts 33 
in the upstream end of the end plate allow fluid to pass 
through to the common outlet conduit 36. The two other 
diametrically opposed ducts 33' allow fluid to pass to the 
outside of the end plate 32 halfway along its length. 
Referring back to Figure 5 it will be seen that this al- 
lows the fluid taken through these ducts to be discharged 
through the cylindrical duct 31. The duct 31 and the 
conduit 36 are maintained at two different pressure levels 
one above and the other below the input pressure level 
to the pressure exchanger. 

The embodiment shown in Figure 5 therefore provides 
a pressure divider one part of the fluid entering into 
the pressure divider having imparted work to another part 
of the same fluid. Fluid enters the pressure divider at 
a medium pressure and is delivered at the other end of 
the cell wheel into alternatively arranged duct passages 
one group being at a higher pressure and the other at 
a lower pressure than the entering pressure. When the 
downstream end of any cell is connected to the lower 
pressure outlet duct there is an acceleration of the fluid 
in the cell and when it is connected with the higher pres- 
sure duct then there is deceleration of the fluid. Hence, 
one part of the entering fluid pumps or compresses an- 
other part of the same fluid to a higher pressure while 
that part which has performed the work leaves at re- 
duced pressure. 

It is possible to allow the fluid to expand by increas- 
ing its speed before leaving the pressure exchanger. In 
such a case of course, the pressure at which the fluid 
leaves the exchanger will be lower than it would other- 
wise have been. 

Although in the aforedescribed embodiments not more 
than two groups of ducts are provided at each end of 
the cell wheel for the ingoing or for the outgoing fluids, 
it is nevertheless possible without basically modifying 
the process or the apparatus, to provide in the end plates, 
more than two groups of ducts separated by partition 
walls. Such an apparatus in accordance with the present 
invention is then capable of talcing in fluids at more than 
two pressure levels and delivering fluids at more than 
two different pressure levels. 

The pressure exchangers described above may be com- 
bined in many ways with other similar apparatus or with 
different apparatus. For example, pressure exchangers 
may be connected in series and they may be combined 
with combustion processes or heat introduction or abstrac- 
tion in different forms. Some of the possible ways of 
use of the different embodiments of the invention de- 
scribed above will now be set forth. Reference will be 
made to Figures 6 to 10 which ail show applications of 
the present invention. In Figure 6, 38 is a pressure 
divider, air entering at 41 and leaving at 42 at a higher 
pressure and at 43 at a lower pressure. At 40 is a com- 
bustion chamber, or other heating means, in which the 
air entering at 42 is heated, leaving at an elevated tem- 
perature through the duct 45. The higher and lower 
pressure gases are brought together through the ducts 44 
and 45 in a pressure equalizer 39, from which the gases 
are discharged into duct 46, at a pressure higher than 
prevails at the intake 41. The compressed hot gas at 
46 may be utilized to expand through a nozzle and pro- 
duce thrust, or it may be led to an expansion machine, 
e.g. a turbine 47, through a duct 48. Useful work is 
produced and the exhausted gas leaves at 49. 

The gas leaving the pressure exchanger 39 may be 
abducted therefrom, according to an alternative scheme, 
at two pressure levels; one of which, at 49A, is ambient 
pressure. This facilitates scavenging and results in a 
higher efficiency than if the exhaust pressure was above 
ambient pressure. 

It is also possible as a further alternative to take in 
at 70 ambient air e.g. in order to be able to increase 
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the temperature at 45 without raising the resulting tem- 
perature of the pressure exchanger 39. 

Supercharging and scavenging of an internal com- 
bustion engine for instance two stroke engines, can also 
5 be performed by pressure exchangers in a manner based 
upon the Figure 6 layout. In fact, apparatus taking in 
gas and delivering it at a higher temperature can be 
supercharged by a pair of pressure exchangers arranged 
with the apparatus in place of the combustion chamber 
10 40 of Figure 6. Thus any process such as the firing of 
a boiler and certain chemical processes can be super- 
charged as described. The device to be supercharged 
may advantageously be by-passed by a conduit provided 
with control means 71 by which it may be throttled or 
15 entirely closed. 

In arrangements in which pressure exchangers are ap- 
plied in connection with a turbine, or other expansion 
machine, to produce mechanical work, the turbine may 
be so positioned so that unheated gases only flow through 
20 it. This arrangement is illustrated in Figure 7 where 
the turbine 47 is situated in the gas flow between the 
pressure divider 38 and equalizer 39. The gas enters the 
turbine at 43 and leaves at 44, with a corresponding drop 
in pressure. Since the combustion products do not pass 
25 in this case through the turbine the arrangement would 
permit the use of fuels normally excluded because of 
damage they are expected to cause to the turbine e.g. 
pulverised coal may be burnt in the combustion cham- 
ber 40. 

30 In another alternative arrangement the turbine 47 may 
work in parallel with the pressure divider, as in Figure 8 
the air entering into the turbine in a parallel branch of 
41, and leaving at lower pressure. The air leaving the 
turbine is taken into the pressure equalizer at the same 
35 pressure as prevailing in conduit 44, or at a similar pres- 
sure level. 

The high pressure fluid supplied to a pressure ex- 
changer may be hot gas exhausted from a compressor- 
turbine set, which it leaves at a pressure above that of 
40 the ambient air as is the case in a jet engine. Such gas 
entering the pressure exchanger, e.g. at 20 on Figure 4, 
together with low pressure fluid in the form of ambient 
air entering at 19, can compress the latter and supply 
gas into a receiver at higher pressure than that of the 
45 ambient air. After this the gases can be made to expand 
through a nozzle orifice (e.g. 26, Figure 4), into the 
surrounding atmosphere to produce reactive thrust. By 
such a combination the propulsive efficiency and the 
thrust are raised, especially at the lower range of speeds 
50 at which the engine is moved through the atmosphere. 

A schematic arrangement for the purpose described is 
shown on Figure 9. A compressor 50 is driven by tur- 
bine 51 with the combustion system 52 in between. The 
air enters at 53, leaves the compressor at 54, and after 
55 taking up heat enters the turbine at 55, from which it 
emerges somewhat expanded at 56 and enters the pres- 
sure equalizer 57. An ambient air supply is taken in at 
58, is compressed in the pressure equalizer and both 
streams leave together at 59, producing thrust. Alter- 
50 natively of course, the stream may be expanded in a 
second turbine as in a turbo-propeller engine. In an- 
other arrangement two streams may leave from a pressure 
exchanger substituted for the equalizer 57. 

A further alternative scheme is shown in Figure 10. 
85 Here the air entering the compressor 60 at 61, and leav- 
ing same at 62, is heated in a combustion system for ex- 
ample at 63 and is led into the pressure equalizer 64 
at 65. Air is also taken into the equalizer at 66. The 
gas leaves the pressure equalizer at 67, enters turbine 
70 68, which drives the compressor and emerges therefrom 
at 69. If the production of jet thrust is the purpose, then 
this is produced by the flow at 69; if work on a shaft 
is to be produced, then this can also be achieved in 
well known manner. In this alternative the temperature 
75 at 65 can be very high, since it is brought down to an 
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acceptable figure by dilution with the incoming air at 
66 . Thus neither the turbine 68 nor the pressure equal- 
izer are exposed to excessive temperatures. 

This method of reducing the temperature of a gas, 
without excessive loss of mechanical work available, by 5 
diluting a hot gas with a cooler one in a pressure ex- 
changer, is generally applicable. For instance, it makes 
possible a powerful reheat between the turbine 51 on 
Figure 9 and the pressure exchanger, or after the pres- 
sure exchanger, by which the thrust will be increased 10 
further. Since the pressure exchanger receives also cool 
ambient air, the high reheat temperature will cause no 
harm in the device. 

The fluids employed in pressure exchangers according 
to the invention may be gaseous or liquids or both com- 15 
bined. It is expected to be possible for instance, to pump 
by a gas of higher pressure, liquid from a lower pressure 
to a higher pressure or it can be accelerated to a higher 
speed. 

What I claim is: 20 

1. A pressure exchanger in which gas compression and 
gas expansion proceed simultaneously comprising a first 
cylindrical structure having cells around the periphery 
thereof, a second structure including an end plate adja- 
cent one axial end of said first structure, means for 25 
effecting relative rotation between said first and second 
structures, a plurality of segmental outlet ports in said 
end plate, together occupying substantially the whole 
circumferential extent of said end plate and each outlet 
port being of such circumferential width that in the 30 
design conditions of operation wave action initiated 
within the cells by a leading port edge affects the com- 
plete axial length of a cell in both forward and reverse 
direction, and wall sections in said end plate between 
adjacent ports each of substantially the same circum- 35 
ferential width as a cell. 

2. A pressure exchanger as claimed in claim 1 and 

comprising a single inlet duct forming part of said second 
structure and communicating with said cells at their ends 
opposite said one end. 40 

3. A pressure exchanger as claimed in claim 1, in 
which said second structure includes an additional end 
plate adjacent the axial end of said first structure oppo- 
site to said one end, at least one segmental inlet port 
being provided in said additional end plate, the port width 45 
occupying substantially the whole circumference of the 
additional end plate. 

4. A pressure exchanger as claimed in claim 3, in 
which a plurality of said inlet ports are provided, wall 
sections in said additional end plate between adjacent 50 
ports each being of substantially the same circumferen- 
tial width as a cell and in which said inlet and outlet 
ports are staggered circumferentially. 

5. Apparatus comprising first and second pressure ex- 
changers, said pressure exchangers comprising cells in 55 
which gas expands so compressing another part of that 
gas with which it is in direct contact, said cells forming a 
continuous boundary for the gas flowing through them 
and extending in the direction of gas flow ducting to lead 
gas to and from the cells at different pressure levels, 60 
and means to effect relative motion between the cells 
and the ducting, the first pressure exchanger receiving 
gas through said ducting at a first pressure level and 
discharging said gas through said ducting at two pressure 
levels one higher and the other lower than said first level, 
said apparatus further comprising a gas heating system 
receiving gas at said higher pressure level directly from 
the first pressure exchanger and discharging hot gas, and 
the second pressure exchanger receiving said hot gas di- 
rectly from the heating system together with gas dis- 
charged at said lower pressure level from the first pres- 
sure exchanger and discharging a stream of hot gas. 

6. A heat engine incorporating pressure exchanger 
apparatus as claimed in claim 5 and in which an expan- 75 


sion machine Is provided through which said stream is 
expanded to perform useful work- 

7. A heat engine incorporating pressure exchanger ap- 
paratus as claimed in claim 5 in which said second 
pressure exchanger has three inlet ducts, a first duct to 
receive said hot gas from said gas heating system, a sec- 
ond duct to receive gas discharged at said lower pressure 
level from said first pressure exchanger and a third duct 
to receive a further gas supply at a low temperature com- 
pared with said hot gas whereby greater heat may be 
introduced via the heating system than would otherwise 
be permissible. 

8. A heat engine incorporating pressure exchanger 
apparatus as claimed in claim 5 modified in that an inter- 
nal combustion engine required to be supercharged at 
said higher pressure level and scavenged is substituted 
for said heating system. 

9. A heat engine incorporating pressure exc 1 ’ger 
apparatus as claimed in claim 5 in which said and 
pressure exchanger has two outlet ducts, a first du^ for 
said hot gas stream and a second duct for a second output 
stream of gas at a lower pressure level than said dis- 
charged hot gas. 

10. A pressure exchanger in which gas compression 
and gas expansion proceed simultaneously, comprising a 
first cylindrical structure having cells around the periph- 
ery thereof, an inlet duct through which fluid enters the 
cells at one end of said first cylindrical structure, a sec- 
ond structure including an end plate in juxtaposed relation 
to the other end of said first cylindrical structure, means 
for effecting relative rotation between said first and said 
second structures, the fluid in the cells of said first struc- 
ture being subjected to acceleration and deceleration 
impulses to create pressure differences between opposite 
ends of the cells in the said first cylindrical structure, 
said end plate having a plurality of outlet ports and 
ducting communicating with said outlet ports for the 
passage of fluid from the ceils of said first cylindrical 
structure to alternate outlet ports and ducts at pressure 
levels respectively above and below the pressure of the 
fluid in the inlet duct of said first cylindrical structure. 

11. A pressure divider in which gas compression and 
gas expansion proceed simultaneously, comprising a cy- 
lindrical structure having cells around the periphery 
thereof, an inlet duct through which fluid enters the cells 
at one end of said cylindrical structure, an end plate in 
juxtaposed relation to the other end of said cylindrical 
structure, means for effecting relative rotation between 
said end plate and said cylindrical structure, said end 
plate having therein a plurality of outlet ports communi- 
cating with said cells, wall sections in said end plate 
separating said outlet ports, the width dimensions of said 
outlet ports, wall sections and cells being of such magni- 
tudes relative to each other that in the designed conditions 
of operation the fluid from said inlet duct is delivered to 
alternate outlet ports via said cells at pressure levels re- 
spectively above and below that of the fluid in said inlet 
duct 

12. A pressure divider in which gas compression and 
gas expansion proceed simultaneously, comprising a first 
cylindrical structure having cells around the periphery 
thereof, an inlet duct through which fluid enters the cells 
at one end of said first cylindrical structure, a second 
structure including an end plate in juxtaposed relation 
to the other end of said first cylindrical structure, means 
for effecting relative rotation between said first and sec- 
ond structures, said end plate having therein a plurality 
of segmental outlet ports which together occupy substan- 
tially the whole circumferential extent of said end plate, 
each outlet port being of such circumferential width that 
in the design conditions of operation the fluid in the cells 
is subjected to acceleration and deceleration impulses 
initiated by the leading and trailing edges of the outlet 
ports which impulses create pressure differences between 
opposite ends of said cells, ducting communicating with 
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laid outlet ports, wall sections separating said outlet 
ports in said end plate, said wall sections being of sub- 
stantially the same circumferential width as said cells, 
the width dimensions of said outlet ports, wall sections 
and cells being of such magnitudes relative to each other 5 
that in the designed conditions of operation the fluid 
from said inlet duct is delivered to alternate outlet ports 
via said cells at pressure levels respectively above and 
below that of the fluid in said inlet duct. 

10 
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